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Abstract. In forest fires, considerable amounts of carbon are released to the atmosphere, yet part of
the biomass is converted to pyrogenic organic matter (PyOM). Little is known about the amount and
properties of PyOM in Siberian forests. We studied PyOM generated by a low to moderate severity
wildfire in a Scots pine stand in Siberia using thermogravimetry (TG) and differential scanning
calorimetry (DSC). DSC and TG of visibly completely charred (blackened) samples of the forest floor
(litter layer L), down wood (d<l cm) and outer bark were carried out in an oxidative atmosphere. The
PyOM samples showed a significant loss of thermolabile components and enrichment in thermally
recalcitrant aromatic compounds, as well as higher values of activation energy and enthalpy (H) of
thermal degradation compared to unburned samples. Thermal characteristics of PyOM derived from
various fuel types differed substantially. The litter PyOM was the most thermolabile, i.e. showed the
lowest recalcitrance. The down wood and bark PyOM had higher thermal stability due to a greater
content of aromatic structures, which was reflected by the thermal recalcitrance indexes (Rs, and
Q5). The litter PyOM had a low carbon sequestration potential and therefore was more susceptible
to degradation compared to down wood and bark PyOM, which showed an intermediate carbon

sequestration potential.
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Tpancdopmanusi OPraHUYECKOro BeuecTsa
B COCHOBOM HacaxaeHuu B Cudupu
1O/ BO3ACCTBUEM MOKapa
0. A. llanyenkoBa, E. A. KykaBckas
HUncmumym neca um. B. H. Cykaueea CO PAH — 060cobaennoe noopasoenenue

DedepanvHoeo Hayunozo yeumpa «Kpacnospcxui nayunviii yenmp CO PAH»
Poccuiickaa ®@eodepayus, Kpacnospck

Annortanmst. [Ipu iecHbIX noxkapax B arMocepy BbIOpachIBaeTCsl 3HAYUTEBHOE KOJTMUYECTBO yTIIEpo/a,
IIPU ATOM 4acTh OMOMAcchl Mpeodpas3yercs B MHporeHHoe opranndeckoe emectso (ITOB). O konmnuecTse
u coiictBax I[IOB B cubupckux siecax u3BecTHO Maio. Mbl uzyuniu [10B, oOpa3oBasiieecs B pe3yisrare
JIECHOTO MOXKapa OT CJ1abo¥ /10 CpeaHel CHIIbl B COCHOBOM HacaxaeHNN CHOMPH, ¢ MCIIOIb30BAHUEM
tepmorpasumerpuu (TI') u nuddepennmansroii ckanupytomeit kaaopumerpuu (JICK). ICK u TT'
BH3YaJIbHO ITOJTHOCTBIO OOYTIICHHBIX 00Pa310B MOACTHIIKH (IIOATOPHU30HT L), BETOK Ha OBEPXHOCTH
nouBbl (d<1 cM) 1 KOpBI A€PEBBHEB MPOBOJIMIINCH B OKUCIUTENBHOM aTmMochepe. O0pasibl [1OB nokazanu
3HAYUTEIBHYIO MTOTEPIO TEPMOJIAOMIFHBIX KOMIIOHEHTOB M 000TaIlleHNUEe TEPMUYECKH YCTOHYHBBIMHU
apOMaTHYECKUMHU COSAMHEHUAMH, a TaKKe OoJiee BRICOKHE 3HAUCHUS SHEPTUU aKTUBALMY U SHTAIBIINN
(AH) TepmMonecTpyKIiH O CPaBHEHHIO C HEOPEBIIMMHU 00pa3laMu. BhIsSBICHB! 3HAYNTEIBHBIE PA3ITHUHS
B TepMHUECKUX XapakTepuctukax [10B, oOpa3oBaHHOr0 U3 pa3inyHbIX roproynx Marepuaios. [IOB
MOJICTUIIKY OBLIIO Hanbosee TepMOJIAOMIIBHBIM, T.€. T0KA3aJI0 HANMEHbINYyI0 ycToiuuBocTh. [IOB
BETOK U KOPbI HMeJI0 00Jiee BHICOKYIO TEPMHUECKYIO CTAOMIIBHOCTH M3-32 OOJIBIIETO COACPIKAHUS
apOMaTHYECKUX CTPYKTYP, YTO OTPA3HIIOCh B MHJIEKCAX TepMUUEcKoi ycToitunBocTH (Rso 1 Q;). [IOB
HNOACTHUIIKH XapaKTepHU30BaIOCh HU3KUM ITOTEHIINAIOM CEKBECTPALIUU YTIIEPOAA U TOITOMY SIBIISCTCS
Oosee BOCIPHMMYMBBIM K Jierpajanuu, ueM [IOB BeTok 1 KOpbl, KOTOPOE M0KA3aJ10 CPEJHUI HOTEHIIHAI

CEKBECTPALUU yTIepo/a.
KuroueBble c/10Ba: 1ecHbIE TIOKAPhl, MTUPOTEHHOE OPraHNYECKOe BELIECTBO, TEPMUUICCKUI aHAIN3.
BbuaaronapuocTu. VcceienoBanue BbIoNHEHO 1pH nojaepxke Poceuniickoro Gonga GpyHaaMeHTaIbHbIX

nccnenoanuii, [lpasurenscrsa Kpacnosipckoro xpasi, KpacHosipckoro kpaeBoro ¢poH/1a Hay4HOH

Y HAYYHO-TEeXHUYEeCKOU monaepxku (rpant Ne 20—44-242004).

Iurtnposanue: [llanuyenkosa O. A., Kykasckas E. A. Tpanchopmamnus opraHHuecKoro BemecTBa B COCHOBOM HacaX ACHUH
B Cubupu nox BozaelicTeueM noxapa / O. A. lllanuenkoBa, E. A. Kykasckas / XKypn. Cu6. dexnep. yu-ta. buonorus, 2023.
16(4). C. 471-486. EDN: PWKCXI
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Introduction

Wildfires are a major disturbance factor in
the boreal forests resulting in significant forest
loss (Hansen et al., 2013). Huge areas of boreal
forests burned by periodic wildfires are located
in Siberia. Forest areas in Siberia account for
approximately 605 million ha with 74 % being
coniferous species (Danilin, Crow, 2008). In recent
decades, elevated air temperatures in Siberia have
led to more frequent wildfires and an increase in
the burned areas. From 1999 to 2019, wildfires
in Siberia resulted in a total of 200 million ha
of burned area with forests accounting for 60 %
(Kharuk et al., 2021). While 2020 was not the
largest fire year in Siberia, it was exceptional in
terms of substantial increase in fire activity above
the Arctic Circle (Talucci et al., 2022) due to rising
temperatures (Descals et al., 2022). Approximately
50 % of the total burned area in Siberia is caused
by extremely large fires (> 2000 ha). Large-scale
forest fires (area > 200 ha) account for ~ 30 % of
total occurrences and ~ 90 % of total burned area.
Most forest fires in Siberia (80-90 %) are surface
fires that spread through the forest floor, burning
vegetation litter and lower levels of vegetation
(Korovin, 1996; Kharuk et al., 2021).

Wildfires release large amounts of carbon
dioxide and other gases into the atmosphere and
simultaneously convert part of the burned biomass
into pyrogenic organic matter (also referred to as
black carbon, pyrogenic carbon, charcoal) (Santin
et al., 2015b). Pyrogenic organic matter (PyOM)
production rate is closely related to vegetation type
and climate. Thus, bio-climatic zones determine
the rate of fuel accumulation and the fire return
interval. This is an important factor, as increased
dry fuel accumulation per unit area provides greater
combustion, heat release, and flame temperatures
under otherwise equal conditions (Bowring et al.,
2022). The intensity of charring or the integral of
the duration and maximum temperature reached

during combustion of fuel and high diversity of fuel

materials at the soil surface influence formation of
charcoals which may differ widely in their chemical,
physical, and structural properties (Nguyen et al.,
2010; Bird et al., 2015; Pyle et al., 2017; Santin et
al., 2015b, 2016a; Abney, Berhe, 2018; Belcher et
al., 2018; Gao et al., 2022).

Pyrogenic material is not a homogenous
organic C pool and is considered as “combustion
continuum”: from slightly charred biomass of
low aromaticity and high reactivity, generated at
low temperatures, to particulate black carbon and
a range of individual pyrogenic molecules with
high aromaticity and low reactivity, formed at high
temperatures (Bird, Ascough, 2012). The charcoal
derived from vegetation fires represents the major
source of PyOM in soils, while soot is formed as
a secondary combustion product by condensation
of volatiles into polycyclic aromatic hydrocarbons
(Knicker, 2011).

High-severity fires result in higher PyOM
production than low-severity fires mainly due to
larger amounts of fuel affected by fire (Santin et al.,
2015a). At the same time, Doerr et al. (2018) found
that a low-intensity experimental fire resulted in
higher PyOM production rate than a high-intensity
fire, which was reflected in the percentage of
pyrogenic carbon in wood samples. This indicates
that more intense fires release a greater proportion
of carbon into the atmosphere than is converted
into PyOM for a given amount of fuel exposed
to burning. Higher temperatures and extended
periods of heating produce PyOM with a greater
degree of aromatic condensation and therefore
higher resistance to biological degradation (Nguyen
et al., 2010; Santin et al., 2016b). The degree to
which pyrogenic material is susceptible to abiotic
and biotic degradation processes depends on its
characteristics and local environmental conditions
such as soil type, land use, temperature, moisture
(Bird et al., 2015).

Despite the fact that PyOM has been

addressed in numerous environmental research,
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neither the chemical structure of PyOM nor the
processes involved in its formation or degradation
are well understood (Knicker, 2011; Ascough et
al., 2020). Various methods have been used to
describe PyOM, including thermal analysissuchas
thermogravimetry (TG) and differential scanning
calorimetry (DSC) (Leifeld, 2007; De la Rosa et
al., 2008; Mastrolonardo et al., 2014; Santin et al.,
2017,2020; Doerr et al., 2018). Although research
interest in PyOM has significantly increased over
recent decades worldwide, there is a considerable
lack of information on its properties, resistance to
degradation in particular, with respect to Siberian
forest ecosystems. Thus, the aim of the present
paper was to determine the characteristics of
PyOM generated by a surface fire in a Scots pine

forest in Siberia by thermal analysis methods.

Materials and methods

Study area and sampling procedure

The study was carried out in mature pure

Scots pine stands (Pinus sylvestris L.) with feather

moss (Pleurozium schreberi), Vaccinium vitis-
idaea, and grasses (Calamagrostis sp., Pyrola
rotundifolia, Carex macroura) as dominant
ground vegetation. The study sites were located in
the subtaiga zone on the left bank of the Yenisey
River in Krasnoyarsk Krai (56°26'N; 93°39'E).
The climate of the region is sharply continental,
with the annual average temperature of +0.6 °C.
The total precipitation over the warm season is
330-350 mm and over the cold season — 110—120
mm (http:/www.meteo.ru). Two study plots, one
burned and the other unburned (control), were laid
out on soddy-podzolic soils (Shishov et al., 2004)
adjacent to each other (Fig. 1). Soddy-podzolic
soils correspond to retisols in the world reference
base for soil resources (Anjos et al., 2015).

A fast-moving surface fire occurred in May
2021. The severity of the wildfire was classified
as low to moderate based on the average char
heights on the trees (Kurbatsky, 1962) and the
completeness of combustion of ground fuels
(Rosleskhoz derective, 1998). Mainly the upper

&

Krasnoyarsk

Fig. 1. Location of the study area and views of unburned (a) and burned (b) plots in a Scots pine forest
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layer of the forest floor was burned. Trees were
slightly damaged by the fire as indicated by
burned bark in the bottom part of tree stems.
Sampling was performed one day after the
fire. There was no rain after the fire before the
collection of samples. We sampled the litter
layer (L) in 5 replicates at the burned plot and
in 3 replicates at the unburned plot. The litter
consisted of undecomposed needles, small
pieces of bark, withered grass and small shrubs
deposited on top of the duff layer. At the burned
plot, we sorted the collected samples by eye into
charred (blackened) plant material and uncharred
plant residues. The charred material was used for
thermal analysis. Additionally, the samples of
small dead/down wood pieces d<l cm lying on
the surface (typical wildfire fuel) and outer bark
from Scots pine trees were collected at burned

and control plots in 3-5 replicates.

Laboratory analysis

All samples were air-dried, ground, and
sieved in the laboratory. The 0.3—0.5 mm size
fraction was used for thermal analysis. Thermal
analysis consists in gradual heating of the
samples in order to measure the mass loss (TG)
and the amount of energy released or absorbed
in the form of heat (DSC). A different degree of
resistance to thermal degradation (combustion)
allows to distinguish labile and recalcitrant forms
of organic matter (De la Rosa et al., 2019).

Thermogravimetry was carried out using
a TG 209 F1 thermal analyzer (Netzsch,
Germany) in an air atmosphere with the
gas flow of 20 mL/min from 25 to 850 °C, at
the heating rate of 10 °C/ min in a platinum
crucible. Differential scanning calorimetry was
performed using a DSC 204 F1 thermal analyzer
(Netzsch, Germany) in an air atmosphere at the
temperature ranging from 25 to 590 °C, gas flow
of 40 mL/min, heating rate of 10 °C/min, in an

aluminum pan with a pierced lid. Data analysis

was performed using the Netzsch Proteus®
Software. The stages of thermal degradation of
the samples were determined by the number of
peaks in derivative thermogravimetric (DTG)
curves. DTG provides information on the onset,
peak, and offset temperatures for each stage.
The mass loss at each stage and the residual
The
enthalpy (AH, total heat content) was obtained

mass were obtained from TG curves.

from DSC curves by integrating the area of
the reaction peak and the interpolated baseline
between the start and the end of the reaction
(Jiang, Drummer, 2020).

To evaluate the non-isothermal kinetic
parameters from the thermogravimetry data,
we used the Broido method (Broido, 1969).
The activation energy for thermal (or thermo-
oxidative) degradation of the samples was

estimated using the equation:

1 E,

In [In (J_/)] = _ﬁ-'_ c
where y is the mass of the sample not yet
degraded (obtained from the TG data), £, is the
activation energy, R is the universal gas constant,
T is the temperature, and C is a constant. The plot
In(In(1/y)) versus 1000/7 resulted in a straight
line with a slope of -E,/R. Activation energy was
calculated from the slope of this plot.

To estimate the contribution of thermolabile
and recalcitrant compounds in the organic matter
composition before and after fire, the ratio (Z)
of mass loss in the low-temperature region
(<400 °C) to high-temperature region (>400 °C)
was calculated (Chernikov et al., 1979; Uskova et
al., 2018; Krylov, Mamontov, 2022).

To characterize the pyrogenic organic matter,
we applied the thermal recalcitrance indexes (Rs,
Q,, Q, and Q;) calculated using TG and DSC data
(Merino et al., 2014, 2015; Campo, Merino, 2016;
Santin et al., 2017, 2020). We calculated the Ry,
index according to Harvey et al. (2012):

— 475 —



Olga A. Shapchenkova and Elena A. Kukavskaya. Fire-Induced Transformation of Organic Matter in Scots Pine Stand...

Rsox = Tsox/Tso,graphite
where Tsp,x and Tsp,gmpnice are the temperature
values corresponding to 50 % mass loss in the x
sample and graphite, respectively.

The values of Ts,, were obtained directly
from the TG thermograms in the temperature
range from 170 to 850 °C where the thermal
degradation of samples occurred after the loss
of hygroscopic water. For graphite, we used the
data obtained by Santin et al. (2020). Ts graphie
was 823 °C. We classified the samples into
recalcitrance/C sequestration potential classes
according to Harvey et al. (2012): Class A
(Rso > 0.70), Class B (0.50 < Ry, < 0.70), Class C
(Rsp < 0.50). PyOM of Class A and Class C has
recalcitrance and carbon sequestration potentials
comparable to soot/graphite and uncharred plant
biomass, respectively, whereas PyOM of Class
B has an intermediate recalcitrance and carbon
sequestration potential (Harvey et al., 2012).

For each DSC thermogram, we divided
the area under the DSC curve between 150
and 590 °C into three temperature regions
which represent different levels of organic
matter resistance to thermo-oxidation: labile
organic matter (150 < T, < 375 °C), mainly
polysaccharides and other aliphatic compounds;
recalcitrant organic matter (375 < T, < 475 °C),
such as lignin or other polyphenols; and highly
recalcitrant organic matter (475 < T; < 550 °C),
such as polycondensed aromatic forms (Campo,
Merino, 2016). We calculated the partial heats
of thermal degradation of organic matter from
the DSC thermograms
Proteus® Software. Partial heat was defined as

using the Netzsch

the percentage of heat released within a certain
temperature range out of the total amount of
heat. The resulting partial heats representing
these three regions were designated as Q, Q,
and Qs, respectively. The index Q; can be used
as an indicator of thermally recalcitrant organic

matter which has also proven to be more resistant

to microbial degradation than the material falling
into regions Q; and Q, (Campo, Merino, 2016;
Santin et al., 2020).

The mean and standard deviation of the
parameters were calculated using Microsoft

Excel.

Results and discussion

Differential scanning calorimetry

DSC provides
reactions with heat transfer effects during

information about all
thermal degradation of a sample. Thermolabile

components of plant material, such as
hemicelluloses and cellulose, decompose within
the temperature ranges from 225 to 325 °C
and from 305 to 375 °C, respectively (Shen et
al., 2009; Barros et al., 2011). The aromatic
polymer lignin undergoes thermal degradation
at a higher temperature than polysaccharides
(hemicelluloses and cellulose). The polymer
structure in lignin slowly starts to decompose at
200-275 °C, but the main process occurs around
400 °C (Brebu, Vasile, 2010).

DSC thermograms of unburned samples
revealed an endothermic effect due to loss of
hygroscopic water and an exothermic effect
attributed to thermal degradation of organic
matter (Fig. 2). The endothermic peak in DSC
curves of unburned samples was observed at
59-66 °C. The enthalpy values of evaporation
ranged from 163 to 192 J/g (Table 1). The thermal
degradation of organic matter consisted of two
stages. The first stage (exothermic peak at 345—
349 °C) was associated with the decomposition
of polysaccharides and production of charcoal
the peak of

polysaccharides is reduced to a shoulder due

residue. For unburned bark,
to their lower content compared to down wood
and litter (Fig. 2). The second stage (exothermic
peak at 407-458 °C) occurred due to thermal
degradation of lignin and charcoal generated

at the earlier stage. The enthalpy values of
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Fig. 2. DSC thermograms of unburned and burned (PyOM) samples in an air atmosphere at a heating rate

10 °/min

Table 1. DSC characteristics for unburned and burned (PyOM) samples (mean+tstandart deviation)

Endothermic region Exothermic region Thermal recaliitrance indexes,
Sample %
Tpeuo °C | AL Vg | Tao °C | Tewo °C [AHKVg | Q| Q [ @
Unburned plot
Bark 60+4 163+£21  shoulder 40744  -11.6+0.2 42+ 55+2 342
Down wood 59+7 192+74 34541 45843 -9.6+1.5 36+£0.5  60+0.4 41
Litter 66+3 172+35 349+2 444+9  -11.0£1.2  39+2 50+2 10+1
Burned plot

Bark PyOM 48+2 70+17 - 459+12  -22.842.4 22+ 58+1 20=+1
Down wood PyOM 52+4 17037  shoulder = 469+7 -24.7+£3.2  22+7 6511 134
Litter PyOM 58+3 113445  shoulder 1?512135’ -19.5+2.3 3542 55+2 10+£2

Note. n=3-5; T,..c — peak temperature; AH — the enthalpy
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thermal degradation for unburned samples varied
from —9.6 to —11.6 kJ/g (Table 1).

Fire had a significant effect on the properties
of litter, down wood, and bark. The enthalpy
values of water evaporation were lower for PyOM
samples with bark PyOM giving the lowest value.
The peak temperature of water evaporation
significantly decreased for bark PyOM compared
to unburned bark (Table 1).

A slight shoulder of residual polysaccharides
can be seen in the DSC curve of down wood
PyOM while it is completely absent in the DSC
curve of bark PyOM, indicating the loss of
polysaccharides. The DSC curves of bark and
down wood PyOM showed only one exothermic
peak that occurred at higher temperatures
(459 and 469 °C) due to formation of more
heat-resistant aromatic compounds. The litter
PyOM

residual polysaccharides in the DSC curve and

showed a well-defined shoulder of
no increase in the temperature of the second
exothermic peak. This testifies that the litter layer
is subjected to fire-induced alteration to a smaller
degree compared to down wood and bark PyOM.
We observed the same shape of the DSC curve for
down wood PyOM as the DSC curve obtained by
Santin et al. (2020) for small down wood charcoal
pieces.

The enthalpy values of thermal degradation
for the PyOM samples were 1.8—2.6 times greater
than for unburned samples due to enrichment
in aromatic compounds (Table 1). Down wood
and bark PyOM demonstrated higher values
of the enthalpy than litter PyOM, indicating
greater proportion of aromatic structures. This
is confirmed by higher thermal recalcitrance
indexes (Q,, Qs, Table 1) and thermogravimetry
data (Table 2).

Calculation of partial heats revealed that
the largest fraction in all studied samples was
Q, (recalcitrant compounds), which made up
50—-60 % and 55-65 % of total combustion heat

for unburned and PyOM samples, respectively
(Table 1). The Q, attributed to the most easily
36-42 % for
unburned samples and decreased up to 22-35 %
for PyOM samples. Down wood and bark PyOM

showed significantly higher Q; values compared

degradable compounds was

to unburned samples due to greater proportions
of highly recalcitrant compounds. In contrast,
litter PyOM revealed Q; similar to unburned
litter, indicating substantially lesser alteration
of the litter layer by fire. The obtained indexes
for unburned samples are consistent with those
found by Campo and Merino (2016) for litterfall
and forest floor in tropical forests of the Yucatan
Peninsula. Our results are in agreement with the
earlier observations by Santin et al. (2017) who
found that down wood charcoal had a higher Q,
(22 %, maximum temperature 796 °C) compared
to forest floor charcoals (11-17 %, maximum
temperature 550-950 °C) after an experimental
high-severity crown fire in pine (Pinus banksiana)
stands. However, in our study down wood PyOM
showed a markedly lower (13 % vs. 22 %) Q;
value compared to the data obtained by Santin et

al. (2017), probably due to the lower fire severity.

Thermogravimetry

TG provides information on the number of
mass loss stages during thermal degradation of
organic matter. The thermograms of the samples
revealed substantial differences in the shape of
DTG curves, the temperature of DTG peaks, and
mass loss before and after fire (Fig. 3). From 25 up
to 120 °C (Stage I), the unburned samples showed
similar mass losses due to the dehydration process
(5.51-5.77 %) (Table 2). Thermal degradation
of polysaccharides and lignin occurred in the
temperature ranges from 170(180) to 350(375) °C
(Stage II) and from 350(375) to 500(540) °C
(Stage III), respectively. The narrow shape
of the peaks in the DTG curves reflects rapid

thermal degradation of plant constituents. Bark
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Fig. 3. TG/DTG curves of unburned and burned (PyOM) samples in an air atmosphere at a heating rate 10 °/min

showed the lowest mass loss related to thermal
decomposition of polysaccharides and the greatest
mass loss related to lignin (40.78 %). Down wood
was characterized by the highest mass loss of
polysaccharides (62.25 %). Litter showed the
lowest mass loss (25.62 %) related to lignin (Table
2). Our thermogravimetry results agree with
literature data on chemical composition of wood,
bark, and needles of Scots pine trees (Johansson,
1995; Valentin et al., 2010; Donmez et al., 2013).
The fourth small peak (Stage 1V) in the DTG
curves of litter and bark associated with minor
mass losses in the TG curves might be related

to thermal degradation of the highly recalcitrant

charcoal formed previously. The Z ratio varied
from 1.10 to 2.20, indicating predominance of
thermolabile components over thermally stable
aromatic structures in the chemical composition
of unburned samples. The residual mass at 850 °C
represents ash content. Litter and bark showed
significantly greater residual masses compared to
down wood (Table 2).

The TG PyOM
indicated that mass loss due to water evaporation
significantly decreased, which can be explained
by high hydrophobicity of the freshly charred
plant residues (Knicker, 2011). After hygroscopic
water loss, the degradation of PyOM started at

results for samples
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higher temperatures (200260 °C) compared
to the unburned samples (170-180 °C) (Fig. 3).
The peak related to thermolabile compounds
tremendously decreased for litter PyOM and
disappeared for bark and down wood PyOM.
This indicates degradation of polysaccharides in
the fire. The PyOM samples showed a significant
decrease in mass loss of thermolabile compounds
compared to unburned samples (Table 2). As the
passing fireline heats surface and ground fuels,
polysaccharides degrade more rapidly than lignin
(Belcher et al., 2018).

A major mass loss of PyOM occurred
within the temperature range from 339(370) to
520(540) °C. The peak temperature and mass loss
attributed to thermal degradation of aromatic
compounds significantly increased for down
wood and bark PyOM compared to unburned
samples (Table 2). A broad peak for bark PyOM
at 445 °C indicates its slow thermal degradation.
In contrast, thermal degradation of down
wood PyOM occurred very quickly at 455 °C,
probably due to a more homogeneous chemical
composition. The litter PyOM also showed a
higher proportion of aromatic compounds but the
peak temperature slightly decreased (Table 2).
This indicates that the litter layer was affected by
fire to a lesser extent and the aromatic compounds
formed had thermal stability similar to lignin in
unburned litter. It could be explained by a higher
moisture content in the forest floor compared to
down wood and bark.

At the temperatures above 520(540) °C,
mass loss for bark and litter PyOM may be
indicative of the presence of highly recalcitrant
pyrogenic forms such as polycondensed aromatic
carbon (De la Rosa et al., 2008; Mastrolonardo et
al., 2014). In comparison with unburned samples,
all PyOM samples revealed a significantly lower
Z ratio ranging from 0.09 to 0.40. This indicates
the prevalence of thermally stable aromatic

structures over thermolabile components. The

PyOM samples showed a higher ash content than
unburned samples due to fire-induced loss of
organic matter (Table 2).

A substantial increase in  thermal
recalcitrance of organic matter is also evidenced
by the Ts, value. Ts, increased by 65 °C for litter
PyOM, by 87 °C for bark PyOM, and by 102 °C
for down wood PyOM compared to Ts, for
unburned samples (Table 2). The Ts, values for
bark and down wood PyOM were significantly
higher than for litter PyOM. Harvey et al. (2012)
reported that pyrogenic materials dominated
by a larger proportion of C—C, single bonded
structures, would have a lower thermal stability
than those dominated by C=C, conjugated and
aromatic structures.

We also estimated carbon sequestration
potential of PyOM (Table 2). All PyOM
samples showed higher Ry, indexes compared
to unburned samples.
classification by Harvey et al. (2012), litter PyOM
is characterized by a low carbon sequestration
potential (Class C, Rsy < 0.50). Down wood and
bark PyOM fit into class B (0.50 < Ry, < 0.70),

indicating enhanced chemical

According to the

recalcitrance

and an intermediate carbon sequestration
potential. Harvey et al. (2012) observed the
highest Rs, values in biochars with the highest
carbon contents, suggesting that the influence of
formation conditions on the degree of biochars
carbonization/aromatization was a major factor
driving their thermal recalcitrance. Santin et al.
(2017) demonstrated that forest floor charcoals
formed at the maximum temperatures of 550
and 683 °C had R, < 0.50, while dead wood and
forest floor charcoals generated at 796 °C and

950 °C, respectively, had R5,> 0.50.

Kinetic analysis

We calculated the activation energy by the
Broido method from TG curves in the temperature
interval of 170-520 °C. An example of the Broido
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graphs for major stages of degradation of litter
PyOM is shown in Fig. 4. A plot of In[-In(1-a)]
versus 1000/T(K") shows a good approximation
of TG data to a straight line, as evidenced by the
high values of regression coefficients.

The unburned samples showed the E, values
of 76.22-97.90 kJ/mol and 106.46—161.67 kJ/mol
for thermal degradation of polysaccharides and
lignin, respectively (Table 3). It suggests that
more energy is required to break the bonds in

lignin compared to polysaccharides.
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As mentioned above, thermal degradation
of PyOM samples began at higher temperatures,
thus requiring more energy for thermal
degradation compared to unburned samples.
Gorshkov et al. (2021) reported that an increased
degree of coalification affected biochar reactivity
and caused an increase in the initial temperature
of intense oxidation. All PyOM samples showed
higher values of E, compared to unburned
samples. This implies cleavage of stronger

bonds. The highest E, value was observed for

1 y=-9531x+167
Rim 0,997

2, y=-14,28x+ 19,86
R2=0,980

3 yw-13,32x+22,03
RE=0,595

4 y=-1384u+1945
Rom 0,989

LO00/T (K1)

Fig. 4. Broido graphs for unburned (1, 2) and PyOM (3, 4) litter. 1, 3 and 2, 4 — E, calculation for the thermal
degradation of polysaccharides and aromatic complex, respectively

Table 3. The values of activation energy of thermal degradation for unburned and burned (PyOM) samples

Sample Temperature range, °C | Activation energy, kJ/mol of de tgf;i?ggfl (R?)

Control plot
Bark 176-346 76.22+0.35 0.993-0.994
356506 106.46+2.44 0.981-0.987
Down wood 176366 97.90+0.25 0.930-0.995
371-506 161.67+5.41 0.986—-0.998
Litter 176371 79.44+3.10 0.995-0.998
376-516 123.83+5.98 0.980—-0.998

Burned plot
Bark PyOM 267-517 107.85+3.45 0.986—0.987
Down wood PyOM 256-508 122.72+3.06 0.966-0.987
Litter PyOM 207-337 109.41+4.98 0.995-0.997
347-517 106.40+6.10 0.972-0.997
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down wood PyOM. The litter PyOM showed
similar E, values in both temperature ranges,
thus indicating similar thermal degradation
reactivity. The obtained E, values of thermal
degradation for PyOM samples are comparable
with those of 97-240 kJ/mol reported by Gil et
al. (2010) for coal/biomass blends combustion.
Farrokh et al. (2019) recorded an activation
energy of 154.37-183.61 kJ/mol for lignin char
combustion. Fan et al. (2017) and Gorshkov
et al. (2021) found an activation energy of
49-91 kJ/mol for combustion of macadamia
and nut shells biochars. The differences in E,
values observed in literature can be related to
the fact that kinetic characteristics of thermo-
oxidative degradation (combustion) depend on
the physicochemical properties of pyrogenic

materials and the kinetic models used.

Conclusion

The characteristics of PyOM derived from
different fuels during a low to moderate severity

surface fire in a Scots pine forest in Siberia were
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