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Abstract

Peat samples subjected to thermal oxidation were studied by solid-state '3C- and ''N-NMR spectroscopy, so as to
gain information on the thermal alteration of organic matter during processes such as natural fires or prescribed fires
affecting soils. The '3C-NMR spectra show that heating (up to 180 s at 350 °C) increases the aromaticity of the original
peat to values typical for black-carbon material, but these charred residues (at least after weight losses of ca. 25%) still
contained heat-resistant alkyl carbon. The '"N-NMR spectrum of the original peat is dominated by a signal at —258
ppm, suggesting peptide-like material. In the heated samples a resonance line appearing at lower field indicates pro-
gressive formation of pyrrole- and indole-type compounds. Calculations based on weight loss, elemental composition
and relative intensity distribution of the '*C- and ""N-NMR spectra demonstrate that the increasing concentrations of
aromatic C-types and heterocyclic N-forms with progressive heating are not only caused by a relative enrichment
concomitant with the selective thermal degradation of labile structures (mainly O-alkyl and amides) but correspond to

newly-synthesised structures that were formed from aliphatic material.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

From the different pools generally distinguished
within soil organic matter (Balesdent and Mariotti,
1996) precise knowledge of the nature and fate of the
most stable is important since variations in their abun-
dance have a large influence on the CO, fluxes between
the atmosphere and soils (Poirier et al., 2000). To this
pool contribute the complex, polyaromatic substances
collectively referred to as “‘black carbon‘ and generated
by widespread burning processes.

* Corresponding autor. Tel.: +34-91-745-2500; fax: +34-
91-564-0500.
E-mail address: humus@ccma.csic.es (G. Almendros).

Black carbon is widely distributed over the entire
Earth’s surface (Goldberg, 1985) and may account for a
substantial portion of total organic C (up to 45%) in
some soils (Haumaier and Zech, 1995; Skjemstad et al.,
1996, 1997; Gustafsson and Gschwend, 1998; Glaser et
al.,, 1998; Schmidt et al., 1999), mainly occurring as
charred material produced by vegetation fires. There is
also indirect evidence that such material may explain the
origin of highly aromatic humic acids in volcanic ash
soils (Hatcher et al., 1989; Golchin et al., 1997). More-
over, fire-induced reactions may substantially contribute
to the terrestrial N sink (Knicker and Skjemstad, 2000).
Research on the speciation patterns of N are of
environmental interest, since more than half of the N in
soil organic matter consists of unknown structures
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(Schnitzer, 1985). Recent NMR studies of the structure
of organic N in soil and sedimentary organic matter
have provided evidence for the dominance of amide
forms in chiefly all types of sedimentary organic matter
derived from microbial biomass or vascular plants
(Almendros et al., 1991; Knicker et al., 1996a,b, 1997,
2000; Knicker and Hatcher, 1997). Thus, evidence for
the classical assumption that the recalcitrant nitrogen-
containing domain in humic substances largely consists
of heterocyclic compounds has not been provided by
NMR techniques.

It has been postulated that vegetation fires play a
substantial role in the long term sequestration of C and
N in forest soils (Parker et al., 2001). These processes
should be understood better, since future significant
changes in the C storage potential of soil may alter the
global C cycle, leading to climatic uncertainties. How-
ever, systematic research on the effects of fires under
environmental conditions is extremely complex due to
the large number of processes involved in the composi-
tion of the disturbed soil samples (Almendros et al.,
1984a, 1988, 1990). Simulation experiments based on
laboratory-controlled burning of whole soil samples and
isolated humic substances have yielded valuable infor-
mation which can be more readily interpreted, although
many uncertainties remain (Almendros et al., 1984b,
1992; Fernandez et al., 1997). The main established
changes in soil organic matter composition, as revealed
by spectroscopic and wet chemical degradation methods,
as well as laboratory incubation experiments, led to
the conclusion that pyromorphic humus consists of
rearranged macromolecular substances with reduced
colloidal properties and increased resistance to biologi-
cal degradation (Almendros et al., 1984a,b, 1988, 1990,
1992).

In order to elucidate the mechanisms involved in the
alteration of organic materials subjected to thermal
stress in soils and sediments, the present study deals
with the effects of controlled heating on the quantitative
distribution patterns of the different C and N forms in
sapric peat [defined as having less than 33% fibre, i.e.
plant residues retained on a 100 mesh (0.15 mm) sieve
(Soil Survey Staff, 1996)] as assessed by solid state '3C-
and '"N-NMR spectroscopy. The results are discussed
in terms of stabilisation of the most refractory soil
organic matter forms, which is of particular interest in
studies of the global C and N biogeochemical cycles.

2. Experimental
2.1. Samples
The material used was collected from a sapric peat

deposit located at Buyo (Galicia, Northern Spain).
Details on the physico-chemical characteristics of this

peat formation and its humic acid fraction have been
published (Almendros et al., 1994).

The whole peat was homogenised to pass a 500 um
screen and subjected to dry heating according to
experimental conditions described previously (Almen-
dros et al., 1990, 1992). Briefly, samples of 1 g of peat
were heated at 350 °C for variable periods. A series of
triplicate samples in porcelain boats was introduced into
a ceramic tubular electric furnace (Wosthoff o.H.G,
Bochum) operating at atmospheric pressure and under a
625 ml min~! suction flow. A membrane pump con-
nected to a soda-lime column was used to supply CO,-
free air to the oxidation tube. After progressive oxida-
tion times (60, 90, 120, 150 and 180 s) the boats were
removed from the furnace and introduced into a desic-
cator with P,Os. This isothermal oxidation was shown
to be more reproducible and easier to control than
alternative heating for a constant time at different tem-
peratures (Almendros et al., 1992).

The heated samples were weighed, corrections were
made for the atmospheric moisture (independently
calculated from samples heated at 100 °C overnight)
and the elemental composition of the heated samples
was determined using a Carlo Erba CHNS-O-EA1108
microanalyser and a ca. 7 mg sample.

2.2. NMR spectroscopy

The solid-state '3C-NMR spectra were acquired with
a Bruker DSX 200 spectrometer at a frequency of 50.32
MHz using a zirconium rotor of 7 mm outer diameter
with KEL-F caps. The cross polarisation magic-angle
spinning (CPMAS) technique (Schaefer and Stejskal,
1976) was applied with a frequency of 6.8 kHz. A
ramped 'H-pulse was used during contact time in order
to circumvent spin modulation of Hartmann-Hahn
conditions (Peersen et al., 1993; Cook et al., 1996). A
contact time of 1 ms and a 90° 'H-pulse width of 5.4 pus
were used for all spectra. The '*C-chemical shifts were
calibrated relative to tetramethylsilane (0 ppm).
Between 5000 and 8000 scans were accumulated using a
pulse delay of 300 ms. The latter was recently shown to
account for 5 Ty of humic material, thus preventing
saturation (Knicker et al., 1996a). Prior to Fourier
transformation, a line broadening of 50 Hz was applied.
Intensity distribution of the carbon atoms in different
environments was determined by integration of signal
intensity in various chemical shift regions using the
instrument software. Owing to insufficient averaging of
the chemical shift anisotropy at a spinning speed of 6.8
kHz, spinning side bands for the aromatic signals
between 140 and 110 ppm occurred at a frequency dis-
tance of the spinning speed at both sides of the central
signal. They are visible in the chemical shift region from
275 to 220 ppm and from 0 to —50 ppm and their
intensity was added to that obtained for the 140-110
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ppm region. Although the low field spinning side band
of the peak in the region between 220 and 160 ppm is
observable between 300 and 275 ppm, its high field
spinning side band overlaps with the alkyl carbon region
between 45 and 0 ppm. Consequently, for determination
of the carbonyl carbon intensity, twice the low field
spinning side band intensity was added to that of the
region between 220 and 160 ppm. In the same way, 1-
fold of this spinning side intensity was subtracted from
the intensity in the region between 45 and 0 ppm to
obtain the intensity of alkyl carbon.

Finally, the reliability of quantitative CPMAS data in
solid-state NMR in the case of heterogeneous organic
materials is a subject that has been discussed since NMR
spectroscopy was introduced into studies of soils and
geosciences. Due to the decrease in the H/C ratio of
progressively heated materials there is a possibility of
unequal efficiency in the cross-polarization which could
make to some C atoms ““invisible” if the C is more than
3 bonds apart than the nearest H (Alemany et al., 1983).
Several authors have measured the optimal contact time
at which the difference between the intensity loss of each
chemical shift region is it a minimum. They have con-
cluded that although not all C is seen, the relative
intensity distribution is considered to be representative
of the concentration distribution of the different chemi-
cal groups in the case of most types of humic substances
(Friind and Liidemann, 1989). In particular, Freitas et
al. (1999) failed to find significant differences between
I3C-NMR spectra obtained after direct excitation of '3C
and the cross-polarization spectra of peat samples
heated up to 400 °C for 1 h; this led them to infer that
the cross polarization spectra are in fact representative
the overall carbon content of the material.

The solid-state CPMAS SN NMR spectra were
obtained on a Bruker DMX 400 operating at 40.56
MHz and applying a contact time of 1 ms, a 90° pulse
width of 5.8 ps, a pulse delay of 150 ms, and a line
broadening of 100 and 150 Hz. These parameters were
recently optimised and shown to result in quantitative
solid-state CPMAS '*C NMR spectra of humic material
(Knicker and Liidemann, 1995). Between 5 and 7 x 103
scans were accumulated at a magic-angle spinning speed
of 5.5 kHz. The chemical shifts were standardised to the
nitromethane scale (0 ppm) and were adjusted using
I5N-labelled glycine (—347.6 ppm).

3. Results and discussion
3.1. Elemental composition

Figure 1 shows the weight loss of the peat material dur-
ing progressive thermal oxidation. The kinetics follow a

non-linear trend, since the least transformed sample
studied (60 s) lost approximately 7% weight and the

sample after 180 s underwent a weight loss of approxi-
mately half of its original weight.

The changes in the elemental composition of the peat
samples as a consequence of the progressive thermal
oxidation are presented in Table 1. The data in Fig. 2
show that the loss of the major elements (C, H, O, N)
also followed non-linear kinetics. The losses of H and O
were the greatest. The charred residue tended to become
enriched in those elements (C, N) present in the most
resistant, or newly-formed, structures. These results
coincided with the typical behaviour of soil humic and
fulvic acids in the course of laboratory heating (Almen-
dros et al., 1990), further confirmed and discussed in a
more comprehensive paper (Baldock and Smernick,
2002). In fact, when the changes are plotted in a typical
van Krevelen (1950) diagram (not shown), the pro-
gressive decrease in the H/C and O/C atomic ratios
indicates the expected dehydration reactions in samples
subjected to moderate heating (e.g., up to 90 s), whereas
decarboxylation and demethylation became the domi-
nant reactions in the longer-heated samples. The data in
Table 1 are also relevant as regards the suitability of

Table 1
Elemental composition (ash-free, g-kg™") of peat subjected to
progressive thermal oxidation as a function of oxidation time

Oxidation time C H N O* Atomic ratios C/N
at 350 °C (s) _ (WWw)
H/C o/C
0 56.7 62 1.6 354 132 0.47 35.0
60 576 6.0 1.6 347 125 0.45 34.3
90 59.8 53 1.8 33.1 1.07 0.41 333
120 65.0 46 19 283 0.87 0.33 33.6
150 71.7 48 22 21.0 0.82 0.22 314
180 80.5 4.7 27 12.0 0.71 0.11 29.4

@ Calculated by difference.
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Fig. 1. Weight loss for peat samples subjected to thermal oxi-
dation at 350 °C for variable periods between 60 and 180 s.
Error bars indicate extreme values over triplicate experiments.
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quantitative comparisons from the CPMAS spectral
profiles. In fact, the degree of condensation of a sample
can be estimated using the H/C ratio. Cross polarization
becomes inefficient if the distance between C and H is
larger than ca. 3 bonds. An H/C of 1.3 indicates that
almost every C is bound to at least one H, namely all C
should be visible using the CPMAS technique. The
lowest H/C ratio is 0.7, indicating that one H is bound
to 1.4 C. This is not low enough to assume large poly-
aromatic structures in which the C is more than 3 bonds
apart from the next H. Thus, for our samples it is not
expected that in using CPMAS a considerable part of
the aromatic C will be neglected.

Concerning the changes in the N content, it is clear
that this element is not preferentially depleted, but has a
tendency to be incorporated into structures fairly resis-

80

70 4 m C-loss
60 - o H-loss
® N-loss

50 -
A O-loss

40 1
30 -
201

104

Relative weight loss (g kg™' element)

0 50 100 150 200
Oxidation time at 350 °C (s)

Fig. 2. Relative C, H, N, O losses during progressive thermal
oxidation. The C, H and N-losses were calculated from the ash-
free elemental analysis data and the determined weight loss
(e.g., the N-loss (g kg! initial N)=1000 x (1000 x (N x
(1000-weight loss)/1000)/initial N). Similar calculations were
performed for the other elements.

tant to heating. The C/N ratio remains relatively
unchanged in samples subjected to moderate thermal
oxidation (Table 1). In addition, the ratio decreases in the
sample heated for more than 150 s, which seems to indi-
cate the accumulation of recalcitrant organic N-forms in
the charred material. A similar explanation was given
concerning the decrease in the C/N ratio reported in soils
affected by vegetation fires (Almendros et al., 1984a).

3.2. 3C-NMR spectroscopy

Fig. 3 shows the solid-state CPMAS '3C-NMR spec-
tra of the original peat and the residues obtained after
progressive heating. The relative percent distribution of
the different C forms is given in Table 2.

The spectrum of the original peat shows, compared to
spectra of fresh grass material (Knicker et al., 1996a),
lower intensity in the chemical shift region between 110
and 60 ppm, commonly assigned to O-alkyl C atoms in
carbohydrate-derived structures. The intense signal at
74 ppm and the resonance around 104 ppm are typical
for C,/C5 and the anomeric (C;) carbons in glycopyr-
anosides, respectively.

Indications of the presence of lignin-derived struc-
tures are given by the signals in the chemical shift region
of O-substituted aromatic C between 160 and 140 ppm.
Those at 153 and 148 ppm can be attributed to C3/Cs in
syringyl units and to C3/C4 in guaiacyl units, respec-
tively (Lidemann and Nimz, 1973). The signals for the
remaining C in the aromatic rings contribute to the
intense resonance line between 140 and 110 ppm. How-
ever, in this region some olefinic C may add to the
intensity. The signal from the methoxyl C groups in lig-
nin structures is expected to be around 56 ppm. Never-
theless, this chemical shift region overlaps with that of
N-alkyl C. Considering the value of the atomic C/N
ratio (ca. 41), and assuming that all of the N is bound to
alkyl C, those C types should contribute <3% to the
total intensity of this spectrum and thus could explain
only half of the intensity found in the region between 60

Table 2
Intensity distribution in solid-state CPMAS '3C-NMR spectra of sapric peat and residues obtained after progressive thermal
oxidation
Oxidation time Carbonyl C Aromatic C O/N-Alkyl C Alkyl C
at 350 °C (s) 220-160 45-0
ppm ppm
160-140 140-110 110-90 90-60 60-45
ppm ppm ppm ppm ppm
0 11 8 19 7 19 6 30
60 12 9 21 6 16 6 31
90 13 11 23 5 12 5 32
120 11 14 29 6 7 5 28
150 12 16 37 5 2 4 25
180 12 19 49 5 1 2 13




G. Almendros et al. | Organic Geochemistry 34 (2003) 1559-1568

and 45 ppm. The C of the propanyl side chains in lignin
structures add, however, to the intensity in the chemical
shift range between 90 and 60 ppm.

The '3C-NMR region between 45 and 0 ppm is attri-
butable to alkyl C, including dehydroxylated lignin side
chains, amino acid residues, lipids and paraffinic struc-
tures. It is dominated by the signal peaking at 30 ppm
typical of the internal methylene C in long alkyl chains.
The small shoulder at the upfield site (14 ppm) origi-
nates from terminal methyl groups. Its low intensity
relative to the signal at 30 ppm supports the presence of
long-chain alkyl structures.

Peaks for carboxyl/amide and carbonyl C appear at 173
ppm and between 220 and 185 ppm, respectively. As
revealed by the solid-state '’N NMR spectrum of the ori-
ginal peat (Fig. 4), most of the nitrogen is bound in amide
functional groups. The value of the C/N atomic ratio (41)
of this sample indicates that only 2% of the total carbon
occurs as amide-C. Some weak signals for spinning side
bands for the aromatic structures are also detectable in the
regions from 300 to 220 ppm and from 0 to —50 ppm.

Noticeable changes in the chemical composition of
the peat were already detected in the samples subjected
to moderate heating (up to 90 s). They are expressed
in a minor relative enrichment of aromatic/olefinic C
(160—110 ppm) and a declining contribution of O/N-
alkyl C (110-45 ppm) which decreased from 32% of the
C in the untreated peat to 22% in the sample heated for
90 s (Table 2). The relative intensities in the chemical
shift regions of carbonyl C (220-160 ppm) and alkyl C
(45-0 ppm) remain fairly constant.

Further alteration of the peat chemical composition
in terms of heating are featured by a continuous
increase of the relative intensity in the sp>-C region
(160-110 ppm) occurring mainly at the expense of the
intensity in the O/N-alkyl region. The progressive heat-
ing led to an increase in the aromaticity of the original
peat to values typically found for charred material
(Almendros et al., 1992). This can be explained by two
phenomena: the relative enrichment of lignin residues

Table 3

1563

that are reported to exhibit a higher resistance
towards thermal treatment than O/N alkyl and an
intense charring of carbohydrate moieties (Almendros
et al., 1990; Pastorova et al.,, 1994; Knicker et al.,
1996a; Baldock and Smernik, 2002). This suggestion is
supported by the observation that in the '*C NMR
spectrum of the sample heated for 120 s, the signals in

Oxidation

60s

90s

120 s

150 s

180 s

300 200 100 0 -100
ppm

Fig. 3. Solid-state CPMAS '>*C-NMR spectra of peat samples
subjected to progressive thermal oxidation at 350 °C for differ-
ent periods up to 180 s. Asterisks indicate spinning side bands.

Recovery of each C type during progressive thermal oxidation, calculated from relative intensity distribution in Table 2 and calculated

total C-loss (Table 1)

Oxidation time Carbonyl C Aromatic C O/N-Alkyl C Alkyl C
at 350 °C (s) 220-160 450
ppm ppm
160-140 140-110 Total 110-90 90-60 60-45 Total
ppm ppm ppm ppm ppm
0 100 100 100 100 100 100 100 100 100
60 97 101 100 100 81 79 85 81 96
90 107 116 108 111 66 54 76 61 94
120 89 141 134 136 73 32 76 49 80
150 87 163 162 162 59 10 47 28 68
180 52 113 128 124 37 3 14 12 22
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the chemical shift region of O-aryl C (160 to 140 ppm)
and methoxyl C (60-45 ppm) are still visible, while that
in the region of anomeric C (110-90 ppm) became
indiscernible from the broad signal peaking at 128 ppm.
For this spectrum, the intensity between 90 and 60 ppm
declined. With increasing treatment time, the carbohy-
drate-related signals vanish completely whereas the
alkyl C intensity, which was only slightly affected up to
120 s, exhibits a considerable decrease at the end of the
experiment. Here, however, it has to be noted that the
intensity in the methoxyl C region continuously declines
with ongoing heat treatment. This suggests that the
lignin residues are selectively enriched in spite of the loss
of their methoxyl functionality.

Apart from this selective enrichment in structures
inherited from resistant plant macromolecules, a neo-
synthesis of unsaturated compounds [formation of
furan compounds is classically referred to (Baldock and
Smernik, 2002)] should have occurred. According to the
significant loss of H (Fig. 2), this may result from

_-257

Oxidation
time 346

Os

-234
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«©

0s

214

-
N
o
»

=
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0 -100 -200 -300 -400 -500
ppm

Fig. 4. Solid-state CPMAS '"N-NMR spectra of peat samples
subjected to progressive thermal oxidation at 350 °C for differ-
ent periods up to 150 s. The chemical shift scale is reference to
nitromethane (0 ppm).

carbohydrate dehydration and transformations of alkyl
structures concomitant with the formation of double
bonds. In fact, in the case of the heavily heated samples,
it is to be expected that most of the C in the 160-110
ppm region would correspond to aromatic structures
originating from charred carbohydrate, as suggested by
Pastorova et al., (1994) and Almendros et al. (1997).

The synthesis indicated above and probable cyclisa-
tion of unsaturated structures affect not only the inten-
sity of the chemical shift region between 140 and 110
ppm but also that between 160 and 140 ppm. In fact,
with progressive heating, the ratio between their inten-
sities does not change considerably (Table 2). This
would indicate the formation and accumulation of O-
aryl or C-substituted unsaturated structures.

During prolonged heat treatment, approximately 50%
of the original carboxyl/carbonyl/amide C (maximum at
173 ppm) was lost (Table 3). Most of the remaining
intensity is overlapped by the broad aromatic signal,
which may indicate a shift towards higher field. This
would point to carboxyl C connected to aromatic rings
(Fig. 3).

In contrast to previous studies (Knicker et al., 1996a)
of the thermally induced changes in N-rich, fresh grass
material, where most of the intensity in this region was
attributable to amides, in the spectrum of the original
peat, amide carbon could only account for 20% of the
total intensity. Thus, heat-induced degradation of pep-
tide structures had a greater influence on the carboxyl/
carbonyl/amide C in grass material than in the peat
studied here.

The charred residue, corresponding to the most
transformed material, chiefly consists of aromatic and
alkyl C, a '3C-NMR profile (Fig. 3) that has often been
compared to that of mature kerogens (Wilson, 1987).
The region between 45 and 0 ppm shows a shoulder at
ca. 20 ppm that could be assigned to methyl groups
linked to aromatic moieties. Considering these methyl
groups, in addition to those occurring at 14 ppm, it
appears that the contribution of polymethylene struc-
tures to this area is comparatively low. In fact, the final
residue (180 s), that still contains an appreciable amount
of alkyl C (Table 2), has been suggested to consist not
only of long-chain residual paraffinic structures from
e.g., plant waxes, but also of some kind of methyl,
methylene or alicyclic structures that may be ““fixed” as
recalcitrant C forms in predominantly aromatic matrices
(Gonzalez-Vila et al., 2001). In particular, the existence
of a similar alkyl component in pseudo-melanoidins (N-
lacking, sugar-derived, abiotically-synthesised macro-
molecules) which should not be susceptible to chemical
or biological degradation (Almendros et al., 1997) could
be invoked to explain such heat-resistant aliphatic
structures in black carbon-type materials.

As discerned from Table 3 where the relative intensities
of the C-signals are related to the calculated total C-loss
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for the different C-types during progressive heating, the
decrease in O-alkyl C can explain most of the C-loss.
Some O-alkyl C, however, may have already been chemi-
cally transformed into e.g., furans, which could explain
the increase in the amounts of O-aromatic C. The data in
Table 3, where values greater than 100 indicate thermal
neoformation reactions for the corresponding structures,
are especially useful for differentiating selective depletion
from accumulation of newly-formed C forms. Thus, a net
increase (up to 62%) for aromatic carbons after a heating
time of 150 s was observed. On the other hand, the nega-
tive balance for the aliphatic C-forms was evident in the
O-alkyl structures, where only 12% remains at the end of
the experiment.

The above results point to the existence of successive
stages during the thermal alteration, similar to those indi-
cated by previous studies with different organic materials
(Almendros et al., 1982, 1999; Gonzalez-Vila et al., 2001).
The early stages would correspond to thermal diagenetic
transformations affecting mainly oxygen-containing
groups, where dehydration and decarboxylation would
turn pyranoside structures into unsaturated rings. In these
stages, presumably leading to shrinking and internal
cross-linking of originally flexible, “open” macro-
molecular three-dimensional structures, molecular encap-
sulation of aliphatic molecules could occur. In the
advanced stages, the accumulation of polycyclic benzene
rings and the removal of less stable alkyl moieties accu-
mulated in the rigid matrix of the charred material could
occur. The latter processes, coinciding with a decrease in
the H/C atomic ratio, could be assimilated into a ‘“‘thermal
distillation” of hydrocarbons and other compounds of
reduced reactivity not suitable for forming covalent bonds
through endothermic reactions (Gonzalez-Vila et al.,
2001).

3.3. N-NMR spectroscopy
The CPMAS '""N-NMR spectra of the original and

the progressively heated peat samples are shown in
Fig. 4. The relative intensity distribution of the different

N forms is given in Table 4. The spectra are dominated
by prominent signals ranging from —220 to —285 ppm,
with a maximum around —259 ppm. In this region,
resonances from amides, peptides, indoles, lactams and
carbazoles are expected (Witanowski et al., 1993). Simi-
lar spectral features were reported for compost (Pichler
et al., 2000), soils and sediments (Knicker et al., 1996b,
2000; Knicker and Hatcher, 1997; Knicker, 2000;
Knicker and Skjemstad, 2000). This was generally
interpreted as a dominance of amide N in peptides. The
respective signal from their free amino groups is
observed at —346 ppm. Based on chemical and thermal
degradation procedures, N-containing heterocyclic aro-
matics such as indoles, pyrroles or pyridines have tradi-
tionally been postulated to be structural units of soil
humic fractions (Schulten and Schnitzer, 1998). These
compounds give signals in the lower field range of the
spectrum between —145 and —250 ppm (—25 and —145
for pyridine-type compounds and between —145 and
—240 for pyrrole-type structures). Thus, the chemical
shift region of indoles (around —245 ppm) slightly
overlaps the amide region, although if such compounds
were major components of the organic N in the
untreated peat, the broad signal would be shifted
toward lower field. In addition, in the spectrum of the
original peat the chemical shift region between —145
and —250 ppm accounts for only 9% of the total inten-
sity, indicating that such structures do not occur to a
great extent (Table 4).

From the '>N-NMR spectra, it appears that heating
in air leads to a continuous increase in the relative
intensity of the chemical shift region for heterocyclic N,
which is especially noted in the sample heated for 120 s
(Table 4). Already, heat application for 60 s induces
changes in the composition of the N structures, indi-
cated by the relative increase in the region of hetero-
cyclic N, at the expense of that assigned to amide N.
This tendency continues up to a heating time of 120 s.
However, around 40% of the total intensity of the spec-
trum is still attributable to amide N structures (Table 4),
indicating a higher resistance of these compounds

Table 4

Intensity distribution in solid-state CPMAS "N NMR spectra of sapric peat and residues obtained after progressive thermal

oxidation

Oxidation time Pyridine-type N Pyrrole-type N Amide N Amino N

at 350 °C (s) —25-(—145) —145-(—240) —240—(—285)

ppm ppm ppm
—285—+(—300) —330-(-350)
ppm ppm
0 1 8 75 4 12

60 2 31 58 4 5

90 1 41 51 0 7

120 9 47 39 1 3

150 7 43 43 7 0
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towards thermal degradation, at least compared with O-
alkyl and carbonyl groups that, at this stage, have been
to a large extent transformed or removed. The above
persistence of amide structures may be explained by
stabilizing cross-linking reactions, including the forma-
tion of Maillard products (sugar-amino acid reactions;
Ellis, 1959), which has been suggested to occur during
peat formation (Nguyen and Harvey, 1998). Another
possibility would be steric hindrance in e.g., organic
domains from which both the transfer of energy and
the ready volatilisation of thermal degradation frag-
ments would be comparatively impeded with respect to
structures in the most external zones (Knicker and
Skjemstad, 2000). At this point, we should also take
into account the possibility that the resistance of some
structural moieties, e.g. alkyl, could to some extent
depend on the non-homogeneous composition of parti-
culate material after heating. In spite of the low particle
size of the material under study, charring often leads to
materials that, in the intermediate stages, could consist
of particles where the core is comparatively less trans-
formed than the most external regions. Nevertheless, the
high resistance to acid hydrolysis of the C and N forms
in the charred fractions suggests that the influence of
this effect is not the main source of heterogeneity in
particulate organic matter (Almendros et al., 1984a,b).

The relative enrichment of heterocyclic aromatic N
during thermal treatment, occurring concomitantly with
the decrease in amide N, was also reported from pyr-
olysis studies of algaenan (Derenne et al., 1993) and of
grass material (Knicker et al., 1996a). At first sight, this
fact might be interpreted as resulting from the selective
preservation of heteroaromatic structures that were
already present in low amounts in the untreated peat,
while the more labile peptide structures are pre-
ferentially thermally degraded. Nevertheless, when the
relative intensity distribution in the '’N NMR spectra is
calculated with regard to N-loss, another scenario
becomes evident. As shown in Fig. 5, after 60 s of heat
treatment, the percentage of the N bound in pyrroles or
indoles increased about four times from the untreated
sample to that heated for 120 s. This gives clear evidence
that those compounds were newly formed, possibly by
auto-condensation reactions from NHj released from
amide-containing moieties and aromatic compounds,
including those occurring in the advanced carbohydrate
dehydration and Maillard-type reactions. Further reac-
tions that may contribute to the formation of hetero-
cyclic N structures involve cyclisation of aliphatic chains
in the presence of amino groups or NHj3, or the cyclisa-
tion of peptide chains. The formation of such hetero-
cyclic compounds would also add to the increase in
relative intensity in the region between 140 and 110 ppm
in the solid-state '3C-NMR spectra.

Until 90 s heating, the amount of accumulated pyr-
role- and indole-type structures shows no considerable
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Fig. 5. Distribution of N-compounds in the different chemical
shift regions as relative intensities of the '°N signals (Table 4)
calculated from N-losses during progressive thermal oxidation.

increase with respect to the untreated sample and the
sample heated for 60 s. After a treatment time of 120 s a
slight decrease is observable. However, due to the low N
content of this sample, only a weak signal-to-noise ratio
was achieved, obscuring phase and baseline correction
and thus integration. Hence, this decrease may be due to
the poor quality of this spectrum. In particular, Benzing-
Purdie et al. (1983) showed the presence of pyrrole and
indole N-forms in the ’N NMR spectra of melanoidins
from xylose and ammonium sulfate obtained by heating
1M solutions at 68 °C for 30 days. Besides heterocyclic
N structures, melanoidins are known to include amide
bonds (Benzing-Purdie et al., 1983), which may support
the explanation for the accumulation of resistant amide
functional groups after severe heating.

4. Conclusions

The solid-state '>C-NMR spectra suggest two par-
tially overlapping processes during thermal transfor-
mation of the peat organic matter. Under relatively
mild heating conditions the main processes are dehy-
dration and selective degradation of O-alkyl struc-
tures; the breakdown of macromolecular structures
releases reactive compounds of low molecular weight.
During successive stages, the endothermic condensa-
tion reactions of these products lead to macro-
molecular substances including newly-formed aromatic
constituents from which more stable alkyl molecules
are progressively removed by thermal distillation. Only
a portion of recalcitrant, cyclic or branched paraffinic
structures remain in a condensed unsaturated matrix.
The weight loss values in addition to the '3C and N
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signal intensities indicate that both aromatic and het-
erocyclic N-containing structures which did not exist in
the original peat are formed as a result of heating.
Nevertheless, it also appeared that most of this recalci-
trant, “unknown” N-forms still consists of amide struc-
tures remaining in black carbon-like soil organic matter
that have been found to be relatively stable against
chemical, biological and thermal degradation (Almendros
et al., 1990).

In conclusion, the results indicate that heating peat
organic matter involves aromatisation and neoforma-
tion of heterocyclic N. From the biogeochemical view-
point these can be considered as mechanisms leading to
the transformation of labile compounds into envir-
onmentally recalcitrant forms.
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