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This paper presents the results of a thermal analysis, that involved thermogravimetry (TG/DTG) and differential scanning
calorimetry (DSC), of natural bark of Siberian larch (Larix sibirica Ldb.) vs. the bark extracted with 5% water-monoethanolamine
(MEA) and (vs.) 5% water-triethanolamine (TEA). Thermogravimetric data obtained in an oxidative (air) atmosphere allowed us
to identify temperature ranges of thermal decomposition stages for the larch bark samples, as well as to determine the corresponding mass loss and mass loss rate at programmed heating. The Ozawa-Flynn-Wall (OFW) method was used to calculate the dependence of activation energy of the thermal decomposition of experimental samples on the conversion degree (Еа = f()); the
symbate run of Еа = f() curves was established. The DSC data obtained agreed with those of TG/DTG. The integral heat of the
bark thermal decomposition (9.60 kJ/g and 14.12 kJ/g for MEA and TEA, respectively) indicated the bark to be competitive with
other biofuels, such as briquetted lignin, wood pellets, sunflower husk, rapeseeds, and straw.
Keywords: Siberian larch bark extracted with water-amino-alcoholic extractants, thermogravimetry, differential scanning
calorimetry.

Introduction
Bark, tons of which become a wood-processing waste at large timber mills, was and still is of scientific interest regarding ecological safety and, more important, sustainable natural resource use. Over a few of years, we have
conducted studies on the extraction of Siberian larch bark with water-organic extractants, modification of the bark
to obtain a cation exchange sorbent, as well as development of an absorbent for mineral oils and hydrocarbon oils
[1–8]. Thermal properties of the bark are still little studied, whereas these properties are critical regarding the possibility to use the bark as a filler of building blocks, thermal stability of which is crucially important. Moreover, bark,
after it was modified or extracted, is necessary to be utilized and a promising utilization would be to briquette the
bark or to combine it with crop-processing waste in pellets.
Thermal analysis enables to estimate influence of different treatments on the plant material by the mass loss
at the thermal decomposition (degradation) stages, each stage temperature interval, the rate of thermal decomposition, and the value of thermal effects occurring within the temperature range of interest [9]. The kinetic analysis of
thermogravimetric data [10–14] makes it possible to precisely differentiate samples with respect to the activation
energy at individual stages of thermal decomposition for subsequent development of methods (technologies) of final
utilization of plant materials under study [12, 13, 15, 16]. The major bark components are hemicellulose, cellulose,
lignin and a wide variety of extractives, diversity and contents of which are usually higher than in wood and depend
on woody species. The proportions and chemical composition of these components determine TG, DTG, and DSC
curve shapes, kinetic parameters of conversion, and, at
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TG and DSC experiments have been described in a number of studies [9, 14, 16, 19, 20]. Our analysis of literature
lead us to the general conclusion that, based on TG/DTG and DSC parameters and kinetics of thermal decomposition
of natural and modified bark samples, it is possible to differentiate samples by their belonging to particular wood
species and by the influence of processing methods in order to determine the directions of further use.
The objective of this study was to compare the thermal decomposition of Siberian larch (Larix sibirica Ldb.)
natural bark with that of the bark extracted with 5% water-monoethanolamine (MEA) and 5 % water-triethanolamine
(TEA).
Materials and methods
We sampled bark of Siberian larch trees of age classes II and III growing in Krasnoyarsk forest-steppe zone.
Large bark pieces, after air-drying at a room temperature of 212 С, were chopped and 0.5–1.0 mm fraction was
separated for using in the experiments to follow. The procedure of bark extraction with water-amino-alcoholic extractants and chemical (group) composition of extracts are described in works [4, 7].
TG and DSC were performed using, respectively, TG 209 F1 and DSC 204 F1 devices (NETZSCH, Germany). Bark samples were analyzed in an air atmosphere. For TG, they were heated from 25 С to 700 С at 10, 20,
and 40 С∙min-1 heating rates in a cylindrical corundum crucible, with gas flow of 20 ml∙min -1 and sample (particles
of 0.5 mm) mass ranging 7.37 to 9.75 mg. For DSC, samples were heated from 25 С to 590 С at 10 С∙min-1
heating rate in an aluminum crucible with a perforated lid (an empty aluminum crucible taken as standard), with gas
flow of 40 ml∙min-1 and sample mass ranging 0.24 to 1.24 mg. To calibrate the devices, we used the standard substances that came with the devices. All TG/DTG and DSC measurements were made using “averaged” samples. The
standard deviation of mass loss at different stages of thermal degradation varied from 0.21 to 1.07%, the temperature
of the maximum DTG – from 0.36 to 0.84 C; DTGmax – from 0.08 to 0.68%min-1 (P = 0.05). The differences in
sample thermal degradation parameters that exceeded the experimentally determined measurement error were believed to be reliable.
Below, we will use the following abbreviations: NLB for natural larch bark, LB (MEA) for larch bark extracted using water-monoethanolamine extractant with 5% of MEA, and LB (TEA) for larch bark extracted using
water-triethanolamine extractant with 5% of TEA.
To analyze sample thermal degradation kinetics, we applied Ozawa-Flinn-Wall (OFW) isoconversion method
[17, 18] to the TG data obtained. OFW method is widely used to calculate kinetical characteristics of thermal degradation of various materials based on TG curve analysis [10–14]. According to OFW theory [16], activation energy
equation is [21]:
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where α is the degree of conversion (α=(m0-m)/(m0-mf)); m0 is the initial mass of sample subjected to TG; m is the
current sample mass at temperature T; mf is the final sample mass after thermal degradation; F() function is mathematical representation of the kinetic model. The activation energy of the thermal degradation of a sample is determined by inclination of line built in lnβ-1/T coordinates for a number of  values and to know the reaction mechanism (order) is not required.
Results and discussion
DTG curves for the experimental samples are given in Fig.1. Applying NETZSCH Proteus Thermal Analysis
4.8.4 program package enabled to identify inflections and maximums, based on which we determined temperature
ranges and their corresponding mass losses on TG curves (fig. 2).
Mass loss of NLB, LB (MEA) and LB (TEA) samples in the temperature range 170360 С, where the thermal decomposition of carbohydrate (hemicellulose and cellulose) complex and condensed tannin mainly occurs,
varied considerably by number of “fractions” and relative percent of each fraction (fig. 2). A similar picture was
observed for 370–560 С range, where mainly polyphenols degrade.
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Fig. 1. DTG curves of NLB (1), LB
(MEA) (2), and LB (TEA) (3)
thermal decomposition at a heating
rate of 10 Cmin-1 in an air
atmosphere

Fig. 2. The mass loss of NLB (1), LB (MEA) (2), and LB (TAE) (3) at a heating rate of 10 Сmin-1 in an air
atmosphere
DTG curve shape, peak temperature, and the maximum mass loss rate of carbohydrate and aromatic components of bark changed considerably after extractives were removed (fig. 1). The temperature of peak related to the
decomposition of LB (MEA) and LB (TEA) carbohydrate complex increased by 30 С and the maximum mass loss
rate was higher 1.7 and 1.4 times, respectively, compared to NLB (fig. 1). Unlike in NLB, the peak temperature of
thermal degradation of LB (MEA) and LB (TEA) polyphenol complex was higher by 25 С and 40 С, respectively,
with DTG amplitude remaining practically the same. For the final stage of thermo-oxidative degradation (620–
690 С) of coal formed at previous stages we determined the following values of DTG parameters: peak temperature
of 659 С, 664 С, and 649 С and DTGmax of 0.37%min-1 , 0.51%min-1, and 0.30%min-1 for NLB, LB (MEA),
and LB (TEA), respectively. Our results are in agreement with the observations of Poletto et al. (2010) and
Shangguan et al. (2018) who reported that water-soluble compounds influenced on the thermal degradation of wood
(Pinus taeda, Eucalyptus grandis) and cork (Quercus variabilis).
The variation of TG curve shape among samples is clear from the plots in fig. 3. Four temperature subranges
were found (20399 С, 399409 С, 409519 С, and 519700 С), within which sample thermal stability changed.
Fig. 4 shows LB (MEA) and LB (TEA) plots based on OFW equation. Fig. 5 demonstrates dependence of the
activation energy on the conversion degree.
The plots of dependence of the activation energy on the conversion degree occurred at various “heights”
relative to X-axis (fig. 4). However, all Ea = f() curves had two segments with maximum Еа within 0.1–0.5 and
0.5–0.9 conversion degree intervals, where thermal decomposition of carbohydrates and aromatic compounds mainly
occurred, respectively. The significant changes of dependence Еа = f() found for LB (MAE) and LB (TEA) were
obviously due to the extraction and indicated that the thermal stability of bark changed considerably.
The DSC curves obtained for larch bark samples are shown in fig. 6. Extraction of bark with water-aminoalcoholic extractants resulted in considerable changes of its thermal decomposition parameters: temperature of DSC
curve maximums and their corresponding values of heat flow. Cumulative thermal effects of 15.54 kJ/g for NLB,
9.60 kJ/g for LB (MEA), and 14.12 kJ/g for LB (TEA) indicated that extraction affected the thermal decomposition
of larch bark. When determining the exothermic effect of thermo-oxidative decomposition of bark in a bomb calorimeter, the result usually exceeds the DSC data by 15–20%.
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Fig. 3. Advance (curves located above dashed line)
and lag (curves located below dashed line) of mass
loss of bark after extraction compared to natural
bark represented as the difference between mass
loss of NLB and mass loss of LB (MEA), LB
(TEA) at a heating rate of 10 Сmin-1 in an air
atmosphere

1

2

Fig. 4. OFW-based plots of LB (MEA) (1) and LB (TEA) (2) for given conversion values

Fig. 5. Dependence of the activation energy on the
conversion degree for NLB (1), LB (MEA) (2), and LB
(TEA) (3)

Fig. 6. DSC curves of NLB (1), LB (MEA) (2), and
LB (TEA) (3) at a heating rate of 10 Cmin-1 in an
air atmosphere

Conclusion
Removal of substances with aqueous-amino-alcoholic extractants from Siberian larch bark led to a significant
change of its thermal decomposition parameters determined by thermogravimetry, differential scanning calorimetry
and kinetic analysis of thermogravimetric data.
In the temperature range of preferential decomposition of hemicelluloses, the "multistep" mass loss was observed. The larch bark extracted with MEA or TEA was characterized by a smaller mass loss when heated to 280–
310 °С and higher thermal stability at temperature above 400 C compared to natural larch bark. This allows us to
consider larch bark extracted with MEA and TEA as an environmentally friendly insulating material or as an insulating component.
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The integral exothermic effects of thermal decomposition of natural larch bark and larch bark extracted with
TEA (15.54 and 14.12 kJ/g) determined by DSC indicate that these materials are promising both as biofuels and as
a part of fuel compositions.
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