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Pyrolysis—GC—MS Analysis of the Formation and Degradation
Stages of Charred Residues from Lignocellulosic Biomass

Francisco J. Gonzalez-Vila,*' Pilar Tinoco,* Gonzalo Almendros,* and Francisco Martin'

Instituto de Recursos Naturales, CSIC, P.O. Box 1052, 41080 Sevilla, Spain

The structural transformations undergone by lignocellulosic biomass (freeze-dried rye grass, Lolium
rigidum) subjected to progressive isothermal heating (burning at 350 °C under oxidizing conditions
for 30, 45, 60, 75, and 90 s) have been monitored by Curie-point pyrolysis—gas chromatography—
mass spectrometry (Py—GC—MS). The pyrograms suggest that even charred residues after severe
heating (carbon loss ca. 50%) still contain substantial concentrations of some resistant plant
structural components. Several trends were observed when monitoring the relative concentrations
of the different groups of pyrolysis compounds released during successive charring stages: (i) the
tetrapyrrole moiety of chlorophylls is rapidly destroyed as indicated by the decreasing yields of
pyrroles and pyrrolines, whereas the phytol backbone is comparatively more resistant, leading to
phytadienes after dehydration and reduction; (ii) the increasing yields of imidazoles from progres-
sively heated samples (maximum at 45 s stage) suggest accumulation of newly formed nitrogen-
containing compounds that may survive natural fires; (iii) the lignin backbone shows a relative
resistance, the yields of aromatic products pointing to progressive demethoxylation; and, (iv) a
selective accumulation of recalcitrant alkyl material occurred, which is interpreted as the result of
thermal condensation of hydrocarbons and fatty acids into macromolecular materials in the charred
residue. In terms of the intensity of the isothermal heating, the yields of the different classes of
alkyl compounds follow the order phytadienes < fatty acids < alkanes < wax esters < sterols.
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INTRODUCTION

Research at a molecular level of the origin and
transformations of sedimentary organic matter under
natural conditions is a complicated task which fre-
guently takes advantage of laboratory experiments that
simulate the formation pathways of humic substances
or kerogens. The well-known formation of humic-like
melanoidins by thermal treatment of sugar- and amino
acid-containing mixtures (Maillard reaction) is fre-
quently taken as a model process for the formation of
recalcitrant macromolecules through abiotic reactions,
and may occur in lignin-lacking sedimentary media
affected by external or geothermal heat sources (1, 2).
Nevertheless, most literature on the effect of heating
on plant biomass can be found in the field of food
chemistry, in which browning reactions occurring even
during cooking of nitrogen-lacking aliphatic substrates
leads to newly formed aromatic and/or unsaturated
macromolecules structurally more complex than the
original material subjected to heating (3—5).

The quantitative importance of the abiotic transfor-
mation of soil aliphatic macromolecules into aromatic
structures has also been considered in present-day
environmental conditions. It has been demonstrated
that forest fires or controlled burning of crop residues
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induce a series of inter- and intramolecular reactions
leading to condensed heterogeneous materials with close
resemblance to natural humic substances (6—8). Like-
wise, laboratory experiments have proved that even
lipids in young sediments have the ability to polymerize
into kerogen-like matter under thermal conditions (9).

Because these newly formed structures are highly
resistant to biological degradation, charring processes
are often considered to contribute to the long-term
carbon sequestration on the Earth’'s surface through
high-yield accumulation of black carbon in soil (10, 11).
In particular, charred plant material has traditionally
been studied as regards the origin of stable humus
fractions (12—14) and it has been recently postulated
that its presence in humic matter is associated with the
release of benzenepolycarboxylic acids after laboratory
degradations (10, 15).

The study of humus fractions affected by fires has
provided valuable information on the contribution of
abiotic reactions to the formation of humic-like material.
Nevertheless, even in closed systems, there is a dynamic
balance between degradation and generation of organic
substances which depends on both temperature and
heating time. Such processes can be simulated in the
laboratory by heating lignocellulosic materials under
conditions comparable to those recorded for different
types of forest burning (16—19).

As a continuation of a previous work in which the
balance between the different carbon forms in plant
biomass was studied during progressive heating by
NMR spectroscopy (20), in this report we apply analyti-
cal pyrolysis to provide information on the signature of
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Table 1. Elementary Composition (g kg=!) and
Calculated C and N Losses (g kg™1) of L. rigidum
Subjected to Progressive Heating at 350 °C as a Function
of Oxidation Time

atomic ratios

oxidation
time (s) C H N H/IC O/C  C-loss? N-loss?2 C/N
0 341 49 55 172 121 0.0 0.0 6.2
30 348 48 56 1.65 1.17 76 76 6.2

45 352 48 59 1.63 115 116 120 6.0
60 310 39 53 151 144 340 304 5.8
75 277 21 40 091 178 469 655 6.9
90 228 18 33 094 236 722 761 6.9

aN-loss (as g kg~ initial N) was calculated as = 1000 x (1000
x (N x (1000 — weight loss)/1000)/initial N. Similar calculation
was performed in the case of C-loss.

700 4=

600 ~ " |

Weight loss (g kg ™)

0 20 40 60 80 100
Heating time (sec)

Figure 1. Average weight loss values of freeze-dried rye-grass
(Lolium rigidum) samples heated at 350 °C under air atmo-
sphere for periods of progressive duration. For each point, error
bars indicate extreme values between replicated experiments.

molecular assemblages useful to assess the effect of
heating on lignocellulosic substrates.

EXPERIMENTAL PROCEDURES

Sample Preparation. Rye-grass (Lolium rigidum) was
grown on washed sand supplemented with Hoagland's solution
(21). The leaves were periodically harvested by cutting the
plants to a height of 2 cm and then freeze-dried.

The standardized experimental conditions for the laboratory
heating have been described elsewhere (2). Previous experi-
ments have shown that isothermal heating is more reproduc-
ible and easier to control than alternative heating for a
constant time at different temperatures (6). Consequently,
samples of 300 mg of L. rigidum were transformed at 350 °C
for variable periods of between 15 and 90 s. Triplicate samples
in porcelain boats were heated in a ceramic tubular electric
furnace (Wosthoff 0.H.G, Bochum, Germany) operating at
atmospheric pressure and a 625 mL min~! suction flow. A
membrane pump connected to a soda-lime column was used
to provide the oxidation tube with CO,-free air. After progres-
sive oxidation times (30, 45, 60, 75, and 90 s), the boats were
immediately removed and introduced into a desiccator with
P20s,

Py—GC—MS. Pyrolysis experiments were carried out using
a Curie-point pyrolyzer (Horizon Instruments) attached to a
Varian Saturn 2000 GC—MS system. The samples were heated
on ferromagnetic wires at 510 °C of Curie-point temperature.
The interface temperature of the pyrolysis unit was set at 250
°C and the pyrolysis time was 5 s. The injector, equipped with
a liquid CO; cryogenic unit, was programmed from —30 °C (1
min) to 300 °C at 20 °C min~*. In both cases the GC oven was
programmed from 50 °C to 100 °C at 32 °C min~! and then up
to 320 °C at a rate of 6 °C min~*. For the chromatographic
separation a fused-silica capillary column (25 m x 0.32 mm)
coated with CPSil (film thickness 0.4 um) and He as carrier
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Table 2. Pyrolysis Products? from L. rigidum Samples
Subjected to Different Heating Periods at 350 °C

heating time (seconds)

compound 0 30 45 60 75 90
methylpyrrole | 35 00 00 00 00 00
imidazole 18 13 45 23 00 00
Cy-alkylpyrroline | 10 00 00 00 0.0 0.
Cs-alkylpyrroline 11 56 0.0 00 00 00 0.0
methylpyrrole 11 20 00 00 00 00 0.0
methylpyrrole 111 06 00 00 00 00 0.0
dimethylbezene 04 00 00 00 00 0.0
dimethylpyrrole 03 00 00 00 00 00
methylimidazole 00 64 62 00 00 00
methylfuran 00 04 06 08 00 0.0
furanmethanol 30 30 40 22 00 00
styrene 18 17 14 17 34 21
dimethylcyclohexanol 00 17 11 11 00 0.0
dimethylfuran 00 04 04 03 00 00
phenol 00 42 11 23 17 08
dimethyldihydropyranone I 00 06 00 00 00 0.0
Cs-phenol | 00 05 05 65 08 03
methoxyphenol 11 29 33 22 11 00
Ci-phenol 11 00 32 44 15 00 05
indole 00 35 00 00 00 0.0
Cs-phenol 111 00 00 00 00 00 04
methylfurfuraldehyde 05 00 00 00 00 00
dimethylcyclohexanone 16 00 00 0.0 0.0 o0.0
dimethyldihydropyranonell 0.0 0.8 0.0 00 00 0.0
C»-phenol | 00 02 09 09 07 00
C»-phenol 11 00 13 06 04 00 02
dimethoxybenzene 00 05 05 00 00 0.0
butenylbenzene 00 10 11 00 09 00
Cs-phenol | 00 02 05 07 00 00
Cs-phenol 11 00 04 00 02 00 00
Cs-phenol 111 00 04 00 00 00 00
dimethoxymethylbenzene | 04 16 11 07 00 0.0
benzofuran 00 40 39 31 22 19
methylindole | 39 08 11 00 00 0.0
methylindole 11 30 00 00 00 00 00
Cs-alkylindole 17 00 00 00 00 00
Cy-alkylindole 06 00 00 00 00 00
methoxymethylphenol 11 00 00 00 0.0 0.0
ethenylmethylbenzene 16 00 00 00 00 00
2-methoxy-4-vinylphenol 93 76 78 50 05 0.2
Cs-phenol | 00 00 00 00 00 0.2
tetradecanoic acid 00 00 00 00 17 05
propyl tetradecanoate 00 00 00 00 00 O03
dimethoxyphenol 1.0 00 00 0.0 0.0 00
methoxypropenylphenol 00 11 10 00 00 0.0
phytadiene I 79 74 94 106 11 1.2
phytadiene 11 09 10 15 19 06 05
phytadiene 111 35 33 41 46 00 00
hexadecanoic acid 65 119 9.2 146 296 10.1
propyl hexadecanoate 02 04 03 03 03 33
phytadiene IV 11 11 12 37 00 0.0
heptadecane 00 00 00 00 00 05
octadecanoic acid 02 39 31 78 230 138
nonadecane 01 00 00 00 00 0.6
eicosane 00 00 00 00 00 06
propyl octadecanoate 01 00 00 00 00 04
heneicosane 00 00 00 00 06 09
octyl hexadecanoate 06 07 08 12 20 81
docosane 00 00 00 00 00 o038
tricosane 10 15 04 44 51 243
octyl octadecanoate 01 02 02 04 05 11
squalene 09 15 01 44 00 00
cholestadiene 00 03 03 04 13 28
pentacosane 1.0 00 00 00 0.0 00
heptacosane 19 00 00 00 0.0 0.0
stigmasta-3,5-dien-7-one 00 00 00 04 04 00

total unidentified 281 17.1 233 135 22.4 355

a Percentages of the total chromatographic area. Roman num-
bers indicate different isomers.

gas were used. Tentative compound identification was based
on literature data and comparisons with mass spectral librar-
ies (NIST, Wiley).
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Figure 2. Chromatographic separation of pyrolytic compounds from progressively heated rye-grass biomass. Structures of the
major cyclic compounds are indicated on the peaks. Fatty acids are indicated by C-number. Major peaks after 35 min correspond

to waxes (Table 2).

RESULTS AND DISCUSSION

The elemental composition, and carbon and nitrogen
losses, of the progressively heated plant material are
shown in Table 1, whereas the loss of weight values
obtained in replicated heating experiments are shown
in Figure 1. The values suggest that large structural
transformation is expected after a heating time over 45
s. When subjected to mild thermal treatments (up to
approximately 20% weight loss at 350 °C) the major
changes were the removal of the constitutional water
and some oxygen-containing groups in the outermost
surfaces. The classical observation than the aliphatic
material is comparatively less resistant than the aro-
matic material (22) is supported by the clear changes
in the H/C atomic ratios. The values for the biomass
heated above 75 s are similar to those for humic
substances, but the latter incorporates much more
oxygen-containing products.

Table 2 shows the chemical identity of pyrolysis
products from progressively heated rye-grass biomass.
The comparison of the pyrograms (Figure 2) shows
intense transformations during the progressive burning.
First, the molecular assemblages released from the
samples heated to 60 s resemble those from the original
biomass, although the peaks arising from carbohydrates
and proteins progressively decrease with heating time.
This means that the carbon backbone of the main plant
biomacromolecules remains relatively stable in this
torrefied biomass. Second, this pattern changes drasti-
cally after heating for 75 s; in this case, the pyrograms
are dominated by aromatic compounds, free fatty acids,
and small but significant amounts of esters and sterols.
To all appearances, plant macromolecules have under-
gone progressive rearrangements resulting in a relative
concentration of aromatic pyrolysis products with a
progressively decreasing methoxyphenol/phenol ratio.
This can be interpreted as an effect of the accumulation
of newly formed aromatic structures, demonstrated by
13C NMR analyses of the same lignocellulosic material
(20). The above differences are more clearly illustrated
in Figure 3, which shows the relative yields of the main
individual pyrolysis compounds released during the
progressive burning calculated as percentages of the
total volatile products. They can be grouped into three
main classes of pyrolysis compounds: N-containing,
aromatic, and aliphatic.
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Figure 3. Relative yields (percentages relatives to total
chromatographic areas) of the major groups of pyrolysis
compounds from rye-grass samples subjected to isothermal
heating for periods of progressive duration.

Four phytadiene isomers are among the most abun-
dant alkyl pyrolysis compounds. Phytadienes are inter-
mediate products in the degradation of chlorophylis (23),
and they lead to phytenes and pristenes, which are
typical pyrolysis products of kerogen (9, 24). The alkyl
products show characteristic yields in terms of heating
time; the major changes were observed in the phyta-
dienes and fatty acids, whereas the yields of paraffinic
structures, waxes, and sterols were comparatively stable
in terms of the charring degree. The pyrolytic data
illustrate that progressive heating cannot be monitored
through the presence of newly formed aromatic struc-
tures in the volatile phase.

Concerning the evolution of the different families of
nitrogen-containing pyrolysis compounds, it is plausible
that in the final stages, the amide nitrogen is incorpo-
rated into heterocyclic structures such as pyrrols, imid-
azoles, and indoles. Some evidence for pyridines and
phenazines was also found. This is in agreement with
previous observation (20) that the >N NMR spectra of
heated lignocellulosics contain large concentrations of
heterocyclic nitrogen compounds; although, in the bio-
genic organic matter, amide nitrogen-forms dominate
in both the readily hydrolyzable as well as the recalci-
trant fractions (21, 25, 26).
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In conclusion, the results suggest that two stages can
be defined in terms of the composition of the molecular
assemblages, which coincides with the proposal of Wang
and Low (27) based on pyrolysis of lignins. In the early
heating stages, with carbon loss up to 12%, the results
are in accord with the pyrolytic behavior of chars as seen
by 13C NMR data, their aromaticity increasing in terms
of heating (28). The decrease, in advanced stages, of the
yields of aromatic pyrolysis products defined the second
transformation stage. The simultaneous increase in the
yields of paraffinic compounds can be explained consid-
ering that a typical feature of charred materials is the
thermal conversion of alkanes into nonvolatile products
(29). From the viewpoint of the fire-related mechanisms
involved in the accumulation of stable carbon and
nitrogen forms in soils, the early stage is mainly
destructive and leads to concentration of aromatic
structures as well as of recalcitrant, newly formed
nitrogen compounds, whereas the advanced stage prob-
ably involves free-radical condensation reactions of heat-
resistant materials with paraffinic structures tightly
bound to a recalcitrant charred residue.
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