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Abstract

:

We report on the kinetics of pyrolysis of bark wood of four coniferous tree species: fir (Abies sibirica), larch (Larix sibirica), spruce (Picea obovata), and cedar (Pinus sibirica) denoted as FB, LB, SB, and CB, respectively. Thermogravimetry (TG) and differential scanning calorimetry (DSC) methods were used to study the influence of KCl and K3PO4 compounds on the process of thermal decomposition of fir bark and determine the main thermal effects accompanying this process. As a result of the studies carried out, it was found that KCl additives practically do not affect the decomposition of hemicelluloses, but they shift the maximum decomposition of the cellulose peak in the direction of decreasing temperature to 340.9 °C compared to untreated bark (357.5 °C). K3PO4 promotes the simultaneous decomposition of hemicelluloses and cellulose in the temperature range with a maximum of 277.8 °C. In both cases, the additions of KCl and K3PO4 reduce the maximum rate of weight loss, which leads to a higher yield of carbon residues: the yield of char from the original fir bark is 28.2%, in the presence of K3PO4 and KCl it is 52.6 and 65.0%, respectively. Using the thermogravimetric analysis in the inert atmosphere, the reaction mechanism has been established within the Criado model. It is shown that the LB, SB, and CB thermal decomposition can be described by a two-dimensional diffusion reaction (D2) in a wide range (up to 0.5) of conversion values followed by the reactions with orders of three (R3). The thermal decomposition of the FB occurs somewhat differently. The diffusion mechanism (D2) of the FB thermal decomposition continues until a conversion value of 0.6. As the temperature increases, the degradation of the FB sample tends to R3. It has been found by the thermogravimetric analysis that the higher cellulose content prevents the degradation of wood. The bark wood pyrolysis activation energy has been calculated within the Coats–Redfern and Arrhenius models. The activation energies obtained within these models agree well and can be used to understand the complexity of biomass decomposition.
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1. Introduction


Bark is the carbon-containing solid waste material most widespread in woodworking and pulp and paper industries. In Russia, 68–74 million m3 of wood waste is generated annually, and according to the proceedings of the Biofuel congress held in St. Petersburg in 2019, the global growth of biomass in the form of waste amounts to 220 billion tons. At present, more than half of the bark waste is incinerated or stored, and the rest serves as an inexpensive energy source in pulp and paper mills or is composted for use in agriculture. At the same time, there is growing interest in using the bark of coniferous tree species as an essential component of biomass as a promising lignocellulosic source of organic carbon, which has significant potential for the sustainable production of porous carbon materials and carbon adsorbents due to availability and relatively low cost. Bark can be used in agriculture to produce bark compost and in the tanning and extraction industry to extract tannins, which are used in the leather industry for tanning leather (turning raw leather into tanned). Due to the presence of valuable extractive substances in the bark, it can be used in medicine.



Pyrolysis is a promising technology for the conversion of biomass into fuel and chemicals [1,2,3,4,5]. Biomass pyrolysis can be defined simply as thermal decomposition of biomass without oxygen at moderate temperatures (400–600 °C). In addition, pyrolysis is the initial stage of biomass combustion, gasification, and liquefaction. Therefore, the knowledge of the pyrolysis parameters and kinetics is vital for predicting biomass behavior in the design and management of conversion plants.



Biomass mainly consists of cellulose, hemicelluloses, lignin, extractives, and small amounts of inorganic components, including alkali and alkaline earth metals. The interaction between alkaline and alkaline earth elements and organic components present in wood affects the pyrolysis mechanism by catalyzing or inhibiting chemical reactions leading to different amounts of coal, liquid, and gaseous products, as well as changing their composition [6]. It is known that the modern mechanism of pyrolysis has a number of disadvantages, namely, low efficiency and a high degree of contamination of the resulting products, which hinder their further use. The presence of substances catalyzing pyrolysis will help in solving these problems [7,8,9]. Particular attention of researchers is directed to potassium salts for their catalytic effect [10,11,12,13,14]. In [15], the authors found that the presence of potassium chloride changes the mechanism of cellulose pyrolysis. In particular, shifting the TG and DTG curves in the region of the main decomposition toward low temperatures, thereby showing the catalytic effect of potassium chloride. The study [16] presented data on the study of poplar pyrolysis with the addition of potassium salts. The results showed that potassium salts significantly accelerate the conversion time and significantly shift the exothermic peak. Chen [17] studied the microwave pyrolysis of sawdust of eight kinds of inorganic salts at 470 °C. It was found that inorganic salts greatly increase the yield of the solid product, reduce the yield of the gaseous product, and have no obvious effect on the yield of the liquid product. Hwang [18] studied the pyrolysis of poplar impregnated with potassium at a temperature of 450 °C, 500 °C, and 550 °C. Potassium has been found to increase the yield of char and affect the properties of the pyrolysis oil. In [19], the effect of K2CO3 on pine sawdust was studied, where a K2CO3 catalyst was added and the pyrolysis temperature was increased, the content of high-quality H2 in the synthesis gas increased, and oxygenates in the pyrolysis oil decreased. As can be seen, there is enough information in the literature on the catalytic effect of potassium compound additives, and this information is sometimes contradictory. The results indicate that the process of activation of the lignocellulosic precursor by various potassium compounds is complex. A possible change in the composition of the activator during the heat treatment of the lignocellulosic precursor may change their mode of action. In addition, the thermal behavior of fir tree bark, which is often found in the forests of many countries, has not been systematically studied.



A study of the kinetic regularities of the investigated processes makes it possible to establish features of the pyrolysis mechanism and find an approach to choosing its parameters. The main kinetic parameters of biomass pyrolysis (the reaction order and activation energy) can be estimated by analyzing the thermogravimetry (TG) curves [20,21]. To do that, different kinetic calculation methods have been developed, including model-free (isoconversional) ones, which do not require a reaction model, and model-fitting ones, in which a reaction model should be chosen. In the model-free methods (Kissinger, Flynn–Wall–Ozawa, and Kissinger–Akahira–Sonuse), the kinetic parameters are calculated at the same conversion value using different kinetic curves at different heating rates. To determine correctly the kinetic parameters using such methods, experimental data should be processed using at least three thermoanalytical measurements performed at different heating rates, which, of course, makes the experiments too time-consuming.



The Arrhenius, Coats–Redfern, Horowitz–Metzger, Freeman–Carroll, etc. methods are model-fitting. In these methods, one thermoanalytic measurement is sufficient; however, several sets of kinetic parameters can correspond to different kinetic mechanisms describing the thermoanalytic curve. Generally, the problem of determining the constants is reduced to fitting a mathematical model of the reaction rate to the experimental kinetic curve or its individual portions.



The kinetic simulation of thermal decomposition is of great importance for the accurate prediction of the behavior of a material under different operation conditions [22]. Pyrolysis of wood is a complex chemical process that involves several simultaneous reactions. Understanding the effect of the process conditions and the initial biomass characteristics on the parameters of the thermal decomposition products can help in the design, operation, and optimization of the processes and equipment. The improvement of the description of the kinetic pyrolysis reactions can reduce the cost of the thermochemical conversion.



The aim of this study was to explore the pyrolysis kinetics of the bark of four coniferous trees growing in Siberia (Russia). In addition, the effect of compounds with the same potassium cation on the thermochemical transformation of fir bark under conditions of dynamic pyrolysis was studied. Based on the thermogravimetric analysis, the process was studied using the kinetic equations of the Coates–Redfern and Arrhenius methods. A possible pyrolysis mechanism was studied using the Criado method.




2. Materials and Methods


Samples of fir (Abies sibirica), larch (Larix sibirica), spruce (Picea obovata), and cedar (Pinus sibirica), denoted as FB, LB, SB, and CB, respectively, were used as raw materials. The samples were crushed and sieved with sieve mesh no. 70–170. Since the bark contains a great number of extractives [23], the samples were preliminarily subjected to the Soxhlet extraction with an ethanol-toluene mixture (1:2 vol./vol.) for 8 hours. The extractive contents were 19.5, 15.7, 18.3, and 16.9 wt % for the FB, LB, SB, and CB samples, respectively. After that, the samples were dried at 80°C for more than 6 h. The bark moisture content before drying was 4–6 wt %. The ash content was determined using the standard TAPPI T211 method based on calcination of the sample in air at 525 °C.



The content of lignin in the bark was determined by the gravimetric method [24]. For this purpose, the sample was hydrolyzed with sulfuric acid (72 wt. %) at 20 °C for 2.5 h. Then the reaction mixture was diluted with water (up to a concentration of sulfuric acid of 4 wt. %) and boiled for 1 h. Lignin was separated by filtration, washed to a neutral pH, and dried at 105 °C to a constant weight.



The content of cellulose in the bark samples was determined by the gravimetric method of Kurshner and Hanack [25] with modification [26]. Briefly, a sample (1.0 g) was gently refluxed (30 min) with 50 ml acetic acid:H2O:HNO3 at the volume ratios (8:2:1) in a flask equipped with a reflux condenser. After cooling, the insoluble residue was filtered through a paper filter (dried to constant weight) under vacuum, washed with distilled water until neutral pH, then with ethanol (96%). The resulting residue was dried in a laboratory oven at 50 °C to constant weight. The resulting pulp was corrected for ash content.



Analytically pure compounds KCl and K3PO4 (chemically pure) were used as K-containing agents; solutions of the required concentration were prepared using distilled water. Fir bark was modified with various potassium compounds by impregnating starting material (according to moisture capacity) with aqueous solutions of potassium compounds at the same mass ratio (1:0.5). The dried modified samples were named according to the activator used: FB/KCl, FB/K3PO4. As a reference sample, FB was used without any additional deposition of metal.



The pyrolysis of the initial and modified (with potassium compounds) biomasses was implemented with a NETZSCH STA 449 F1 Jupiter thermal analyzer. A sample of 15–16 mg was loaded into the analyzer and heated from 25 to 900 °C at a rate of 10 °C/min. The high-purity carrier argon gas was supplied at a flow rate of 50 mL/min. The TGA experiments were repeated 3 times; the weight loss curves were found to be similar.



The general kinetic model describing the degradation during the nonisothermal pyrolysis is


    d α   d t   = A  e  −  E  R T     · f  ( α )   



(1)




where E is the apparent activation energy (kJ/mol), R is the gas constant (8.314 kJ/mol), A is the pre-exponential factor (min−1), T is the absolute temperature (K), α is the conversion, t is the time (min), and f(α) is the function that represents the reaction model and depends on the reaction mechanism (see Table 1).



The conversion during the pyrolysis process can be written as


  α =    m i  −  m a     m i  −  m f     



(2)







Here, mi, ma, and mf are the initial, actual, and final sample weights, respectively.



In the case of the nonisothermal thermogravimetry at a linear heating rate of β = dT/dt, Equation (1) can be transformed into the relation


    d α   d T   =  A β   e  −  E  R T     · f  ( α )   



(3)







A solid-state reaction model was predicted by the Criado method [27,28,29]. In this method, the mechanism of the solid-state reaction occurring during the thermal degradation of woody biomass is determined from the theoretical curves obtained from the left-hand side of the equation:


    Z  ( α )    Z  (  0.5  )    =   f  ( α )  · g  ( α )    f α  (  0.5  )  · g  (  0.5  )    =    (     T α     T  0.5      )   2  ·  (       (    d α   d t    )   α       (    d α   d t    )    0.5      )   



(4)







The theoretical curves are derivatives of the g(α) and f(α) functions, the algebraic expressions of which are given in Table 1. The experimental curve is obtained using the right-hand side of Equation (4). By comparing experimental and theoretical curves, the type of mechanism involved in the thermal degradation can be identified.



2.1. Arrhenius Model


Using Equation (3), the apparent activation energy E could be obtained from the plot of ln[(dα/dT)/f(α)] versus 1/T. The expressions for f(α) are listed in Table 1. The activation energy is calculated from the slope—E/R.




2.2. Coats–Redfern Model


The Coats–Redfern method is integral model-fitting. Solving Equation (3) using the asymptotic approximation (2RT/E << 1), we obtain the equation


  l n  (    g  ( α )     T 2     )  = l n   A R   β E    (  1 − 2   R T  E   )  −  E  R T    



(5)




where g(α) is the integral reaction model. The expressions for g(α) are listed in Table 1.





3. Results and Discussion


3.1. Thermogravimetry Analysis


Figure 1 shows the thermogravimetry (TG) (a) and differential thermogravimetry (DTG) (b) profiles of the FB, LB, SB, and CB pyrolysis at a heating rate of 10 °C/min.



The curves have the typical appearance of pyrolysis of lignocellulosic materials. The thermal decomposition of bark samples started at about 200 °C, followed by a major loss of weight in the temperature range of 200 and 380 °C, during which the bulk of the volatiles was released, and it was essentially completed by 700 °C, with the evolution of secondary gases, leading to the formation of char. The amount of char obtained for FB, LB, SB, and CB is 28.2, 32.6, 32.1, and 31.7%, respectively. By the end of pyrolysis (700 °C), the fir bark showed a greater weight loss compared to other studied bark samples, which indicates a higher content of the carbohydrate component.



In the faster step of the conversion process, two distinct peaks are clearly observed in all the DTG curves. The first, occurring at lower temperatures, represents the decomposition of hemicellulose present in each material, and the second corresponds to the decomposition of cellulose. For the flat tailing section, lignin is responsible, which is known to decompose slowly over a broader temperature range [30,31].



By comparing the DTG peaks (Figure 1b) between investigated bark woods, it can be noticed that they are similar in position but differ in height. The maximum decomposition rate decreases in a row: FB, LB, CB, and SB (6.5, 6.3, 5.9, and 5.3%/min, respectively). It can be assumed that the rate of decomposition of the main period of pyrolysis of the bark of wood is associated with the content of cellulose, as noted in [32].



The biomass composition was determined chemically using the procedure described in detail in Section 2. The analytical data obtained are given in Table 2.



According to the data given in Table 2, FB has the highest cellulose content. The cellulose content decreases in the range: FB—LB—CB—SB, which corresponds with the range of the maximum rate of mass loss during the main decomposition.



The comparison of the chemical (Table 2) and DTG analysis data (Figure 1b) shows that the cellulose content is related to the biomass thermal stability and decomposition rate. The higher the cellulose content, the higher the rate and temperature of the thermal decomposition of the material.




3.2. Activation of Fir Bark by Potassium Compounds


Since the nature of the thermal decomposition of FB differs from other biomass samples studied in this work, the effect of modifying additives KCl and K3PO4 on the efficiency and selectivity of its pyrolysis was studied. Figure 2a shows the derivatives of thermogravimetric curves of mass loss (DTG curves), which allow determining the temperatures of the maximum rates of thermal decomposition of bark samples impregnated with KCl and K3PO4. The difference in decomposition temperatures of FB/KCl and FB/K3PO4 from the original bark (FB) at the initial stage of pyrolysis was noted. So, if for the FB a 3% decrease in mass associated with the predominant removal of moisture and thermally unstable low-molecular components occurs by 140 °C, then for the FB/KCl it is only at a temperature close to 200 °C. In the case of the FB/K3PO4, the temperature of the initial (3%) mass loss, on the contrary, occurs earlier—at 115 °C. Perhaps the earlier weight loss is associated with the removal of crystallization water, which is part of the crystallohydrates of the type K3PO4·nH2O formed during impregnation. It is also likely that intensive removal of adsorbed and bound water from the bark occurs due to the strong dehydrating effect of potassium orthophosphate. On the DSC curves (Figure 2b), endothermic peaks with maximum value at ~90–116 °C correspond to this stage of weight loss.



The main thermal decomposition process for the studied samples becomes more intense after 200 °C, increases to ~360 °C, and is mostly completed by 520 °C. Table 3 presents the main characteristics of the thermal decomposition process of the studied samples: conditional intervals in which the predominant decomposition of the material is observed, maximum rate of mass loss (Vmax), maximum mass loss temperatures (Tmax), weight loss in this temperature range (Δm).



With the thermal decomposition of FB between 280 and 400 °C, the most significant reduction in mass (23.6%) occurs in the range of 320–380 °C at a rate of 3.93%/min and at a temperature of the maximum rate of mass loss of 357.5 °C. The FB/KCl shows a similar behavior during thermal degradation, which indicates a relatively uniform nature of the decomposition of components of lignocellulose biomass. Corresponding to the temperature range between 220 and 380 °C, a relatively narrow and symmetrical profile on the DTG curve of the FB/KCl detects a shift of the “cellulose” peak in the direction of a decrease in temperature to 340.9 °C [33]. At the same time, the position of the maximum on the hemicelluloses shoulder (263 °C) has practically not changed. The rate of mass loss of 2.74%/min corresponded to the main stage of decomposition. A decrease in the maximum rate of mass loss under the influence of KCl is accompanied by a decrease in mass loss compared to FB (16.41 vs. 38.6%) and, accordingly, an increase in charcoal yield.



On the DSC curves (Figure 2b), describing at this stage the exothermic nature of the release of volatile products, peaks are recorded at 360.8 °C for the FB and at 341 °C for FB/KCl. The DTG curves of FB/K3PO4 show the presence of two peaks: the main one, with a maximum mass loss at a temperature of 277.8 °C and a shoulder of about 341 °C, and a less intense one at 440.4 °C. The predominant decomposition of FB/K3PO4 with a mass loss of 23.05% occurs in the main temperature range of 240–360 °C with a maximum mass loss rate of 2.72%/min, close to the decomposition rate of FB/KCl. On the DSC curve, an exothermic maximum at 310 °C corresponds to this stage of decomposition due to the predominant decomposition of hemicelluloses and cellulose. The comparison of the effect of additives KCl and K3PO4 showed that both salts in the main temperature range lower the temperature at which the predominant decomposition of cellulose occurs, reducing the maximum rate of mass loss and thereby promoting the formation of char.



However, their different effects on the pyrolytic decomposition of the crust are that KCl has practically no effect on the pyrolysis of hemicelluloses, which were manifested by a wide shoulder on the DTG curve at 260 °C, as in the case of the FB. At the same time, KCl has an effect on the destruction of lignin, restraining the rate of its decomposition. This is indicated by a decrease in mass loss (7.0%) and a slowdown in the average rate of its loss (0.53%/min) with a further increase in temperature up to 520 °C. The process proceeds without pronounced thermal extremes.



The effect of the presence of the activator K3PO4 is expressed in a decrease in the decomposition temperature of polysaccharides as a whole [34]. At the same time, the peaks of hemicelluloses and cellulose on the DTG curve merge into one with a maximum at 277.8 °C and an implicitly distinguishable shoulder at about 340 °C. The addition of K3PO4 also affects the subsequent stage of decomposition of the substance in the range of 360–520 °C, accelerating the decomposition of lignin. On the DTG curve, there is a wide peak of the mass loss rate of 1.12%/min at 440.4 °C, and on the DSC curve, there is a peak of the exoeffect at 420 °C, characteristic of lignin [33]. A similar effect of K3PO4 additives on the example of thermal decomposition of lignocellulose materials was noted in [35], where it was shown that K3PO4 promotes the decomposition of lignin with the formation of phenols.



For FB, decomposition proceeds at a mass loss rate of 1.08%/min and is accompanied by an exoeffect on the DSC curve at 434.3 °C, which can characterize the temperature maximum of lignin decomposition [33,35]. At 520 °C, most of the substance in the compared samples is subjected to thermal decomposition and transformation. Further, up to 700–800 °C, the process of weight loss for all samples slows down (to 0.12–0.3 %/min) due to the formation of thermally more stable thermolysis products and generally ends by 700 °C with the formation of carbon residues from FB/ K3PO4, FB/KCl, and FB about 52.6, 65.0 and 28.2%, respectively. Thus, KCl and K3PO4, by reducing the yield of volatile substances at the main stage of thermal decomposition, contribute to an increase in the yield of the solid product.



In the case of FB, a wide endothermic peak on the DSC curve at 600 °C can characterize the process of coke formation in the structure of the coal matrix (see Figure 2b). At 775 °C, the DSC of the FB/KCl in the endothermic region reveals a narrow, intense melting peak of KCl [36]. The high-intensity peak on the DSC curve of FB/K3PO4 with a maximum of 780 °C probably characterizes the transformation and decomposition of a mixture of ortho- and polyphosphoric compounds.



Thus, under the influence of the treatment of fir bark with potassium chloride, both a decrease (compression) of the main range of decomposition of raw materials occurs and a shift in the temperature maximum of decomposition toward lower temperatures by 16.6 °C compared to the FB. At the same time, in the considered temperature range, K3PO4 had a greater effect on the shift temperature of the exothermic peak than KCl (277.8 versus 340.9 °C). Consequently, the results obtained in the study show that KCl and K3PO4 can significantly affect the process of thermal decomposition of fir bark, accelerating or suppressing individual stages of pyrolysis.




3.3. Results of the Kinetic Analysis


The mechanism of pyrolysis of bark wood was predicted from Criado’s master plot. The Criado’s curves were generated from Equation (4) by plotting Z(α)/Z(0,5) vs. conversion α (Figure 3a–d). The experimental data in Figure 3 shows that for all bark wood species studied in the range of α = 0.2–0.5, they directed between the D1, D2, D3, and D4 curves. By increasing the degree of conversion to 0.6, the experimental curves of FB, SB, and CB samples are still in the diffusion region. The fir bark sample is predominantly between D1 and D2, and the spruce and cedar bark samples overlap curves D2 and D4. According to the literature, these degradation mechanisms refer to a diffusion process in one, two, three, and four dimensions, respectively [37]. Similar results were described by [38,39,40] for other cellulosic fibers and [41] for hardwood and softwood. Based on this result, at lower conversion values, the heating transfer occurs by diffusion throughout the sample.



The experimental curve of the larch bark sample after the degree of conversion of 0.5 tends to the region of the reaction order mechanism (R2 and R3). For FB, CB, and SB, when the conversion value increases above 0.6, the shape of the experimental curve tends to follow the R3 mechanism, as shown in Figure 3. Thus, the reaction can be classified as a reaction order mechanism (2nd to 3rd): the reaction rate is proportional to the concentration, amount, or proportion of the remaining reactants raised in a certain reaction order [42]. Then bark wood reaction model can be considered as a diffusion type followed by a reaction order mechanism (R2 and R3).



Using the Criado method, a possible mechanism for the thermal decomposition of fir bark modified with KCl and K3PO4 was evaluated. From the experimental data in Figure 4a, it can be seen that the decomposition mechanism of the FB/KCl is almost the same as the FB. The difference is that the diffusion region passes into the order reaction model already after the degree of conversion of 0.5. With that, at a degree of conversion of 0.4–0.5, the mechanism coincides with the D1 diffusion model. At conversion values greater than 0.5, the mechanism predicted is a reaction of order R3. In other words, the reaction model pyrolysis of FB/KCl can be regarded as diffusion type followed by the reaction order mechanism.



The mechanism of thermal decomposition of FB/K3PO4 differs from the original FB (Figure 4b). The experimental curve up to a degree of conversion of 0.2 is in the diffusion region (D1, D2, D3, and D4). With an increase in the degree of conversion (0.3–0.7), the mechanism of thermal degradation passes into the region of ordinal reaction models (R1, R2, R3, and R1.5). At conversion values greater than 0.7, the curve is closer to the R1.5 degradation mechanism, which refers to the reaction order model with the order of reaction as 1.5.



The biomass decomposition mechanism was estimated by the Arrhenius and Coats–Redfern methods. These methods are also used to establish a reaction mechanism. Since many reactions take place in the process of pyrolysis, only the apparent values of the activation energy can be experimentally determined. Table 4 gives the activation energies and the most suitable degradation mechanisms listed in Table 1.



For all studied samples of the original wood bark, the values of activation energy in diffusion and reaction order models are different. This is due to different mechanisms of thermal decomposition in the indicated intervals. The maximum activation energy in the diffusion (114 kJ/mol) and reaction order (90 kJ/mol) region is exhibited by LB, which indicates a high thermal stability of this sample. FB and CB in the diffusion region have the lowest activation energy (101 kJ/mol). The different thermal stability of the carbohydrate part of the woody substance of coniferous species is apparently due to the content and chemical composition of hemicelluloses, their interaction with cellulose and lignin, and the degree of cellulose crystallinity. In addition, light porous fir wood (density 350 kg/m3) is better exposed to thermal decomposition (combustion) than, for example, denser larch wood (635 kg/m3) [43].



After treatment with potassium salts, the activation energy of fir bark pyrolysis significantly decreases, which indicates a change in the biomass structure. Under the action of KCl, both the temperature interval of the diffusion mechanism and the activation energy decrease (from 114 for the FB to 82 for the FB/KCl). At the same time, in the conversion degree range of 0.5–0.9, the structure of the FB/KCl undergoes more significant changes since the activation energy is two times lower than that of the initial bark (from 87 to 43 kJ/mol) [44].



The introduction of K3PO4 has a more significant effect on the structure of the fir bark compared with KCl. First, the introduction of K3PO4 into the biomass structure significantly reduces the activation energy during pyrolysis due to the formation of a larger number of thermally less stable structural regions. Secondly, already after the degree of conversion 0.2, the mechanism of degradation of the fir bark changes from a diffusion character to an order reaction. Moreover, up to a degree of conversion of 0.7, the mechanism of thermal decomposition is similar to the initial bark (R3). In the temperature range 442–497 °C, where lignin is predominantly decomposed, the decomposition mechanism is described by the reaction order model with the order of reaction as 1.5 (R1.5).





4. Conclusions


Pyrolysis of the coniferous bark wood was characterized using the thermogravimetry analysis. The interrelation between the biomass components and the mechanism of their thermal decomposition was established. It was found that decomposition in the temperature range corresponding to cellulose destruction is diffusion-assisted. It was noted that the rate of decomposition of the main period of wood bark pyrolysis is related to the content of cellulose. The pyrolysis of bark wood proceeds via diffusion with conversion values below 0.5 for the SB, LB, and CB samples. The diffusion-assisted decomposition of the FB sample continues until a conversion value of 0.6, which is probably due to the high cellulose content. Upon further heating, the thermal decomposition of bark wood tends to model third-order reactions. Using the Coates–Redfern and Arrhenius methods, the activation energies of the main sample thermal decomposition stages were determined. The relationship between the intensity of weight loss of the substance and the degree of thermal decomposition of the original and modified with KCl and K3PO4 fir bark was studied by the TG/DTA method. DSC analysis determined the main thermal effects accompanying the pyrolysis process. It was found that under the action of the treatment of the bark with KCl, a shift in the temperature maximum of decomposition by 16.6 °C toward lower temperatures (340.9 °C) is observed in comparison with the untreated bark (357.5 °C). It has been suggested that KCl has practically no effect on the pyrolysis of hemicelluloses, but it inhibits the decomposition of lignin. The presence of K3PO4 promotes earlier degradation of polysaccharides; the peaks of cellulose and hemicelluloses on the DTG curve practically merge into one with a maximum at 277.8 °C. The decomposition of lignin under the influence of K3PO4 occurs more intensively. It has been shown that additions of KCl and K3PO4 lower the temperature of predominant decomposition of cellulose, reduce the maximum rate of weight loss, and thereby contribute to a greater yield of carbon residues: in the case of samples from FB/K3PO4, about 52.6%, FB/KCl, 65.0%, and from the original bark (FB)—28.2%.
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Figure 1. TGA analysis of pyrolysis of bark wood: TG (a) and DTG (b) curves. 
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Figure 2. TGA/DSC analysis of pyrolysis of FB, FB/KCl, and FB/K3PO4: DTG (a) and DSC (b) curves. 
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Figure 3. Theoretical and experimental plots for predicting the pyrolysis reaction mechanism by the Criado method (Z-master plot): (a) FB in the range of 246–501 °C, (b) LB in the range of 263–558 °C, (c) SB in the range of 247–567 °C, and (d) CB in the range of 252–537 °C. 
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Figure 4. Theoretical and experimental plots for predicting the pyrolysis reaction mechanism by the Criado method (Z-master plot): (a) FB/KCl in the range of 237–617 °C, (b) FB/K3PO4 in the range of 152–497 °C. 
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Table 1. Expressions of the f(α) and g(α) functions based on different reaction mechanisms.
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Reaction Mechanism

	
f(α)

	
g(α)






	
Diffusion models

	




	
D1 diffusion (1D)

	
1/2α

	
α2




	
D2 diffusion, Valensi (2D)

	
[−ln(1 − α)]−1

	
α + (1 − α)ln(1 − α)




	
D3 diffusion, Jander (3D)

	
(3/2) (1 − α)2/3/[1 − (1 − α)1/3]

	
[1 − (1 − α)1/3]2




	
D4 diffusion, Ginstling (3D)

	
(3/2)/[(1 − α)−1/3 − 1

	
1 − 2α/3 − (1 − α)2/3




	
Random nucleation and nuclei growth

	




	
A1 Avrami–Erofeev

	
3/2(1 − α)[−ln(1 − α)]1/3

	
[−ln(1 − α)]2/3




	
Geometrical contraction models

	




	
Phase boundary-controlled reaction (contracting area) (F2)

	
2(1 − α)1/2

	
1−(1 − α)1/2




	
Phase boundary-controlled reaction (contracting volume) (F3)

	
3(1 − α)2/3

	
1−(1 − α)1/3




	
Reaction order

	




	
R1 First order

	
1 − α

	
−ln(1 − α)




	
R2 Second order

	
(1 − α)2

	
(1−α)−1 − 1




	
R3 Third order

	
(1 − α)3

	
[(1 − α)−2 − 1]/2




	
R1.5 One and half order

	
(1 − α)3/2

	
2[(1 − α)−1/2 − 1]








The activation energies of the biomass pyrolysis were obtained by the 2 model-fitting methods: Coats–Redfern and Arrhenius.
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Table 2. Bark wood composition (wt %, dry and extractive-free basis) determined by the chemical method.
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Sample

	
Chemical Composition (%)

	
Ash (%)




	
Cellulose

	
Lignin

	
Hemicelluloses *

	






	
FB

	
29.4

	
35.5

	
32.7

	
2.4




	
LB

	
29.3

	
38.8

	
29.3

	
2.5




	
CB

	
28.2

	
43.9

	
25.1

	
2.8




	
SB

	
22.0

	
42.3

	
31.8

	
3.8








* Calculated by the difference: 100%—cellulose, lignin, and ash content.
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Table 3. The main parameters of thermal decomposition of FB, FB/KCl, and FB/K3PO4.
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Sample

	
Interval, °C

	
Vmax, %/min

	
Tmax, °C

	
Δm






	
FB

	
140–280

	
1.01

	
~260

	
14.30




	
280–400

	
3.93

	
357.5

	
38.60




	
400–520

	
1.08

	
460.0

	
12.60




	
FB/KCl

	
200–280

	
1.25

	
263.0

	
6.90




	
280–380

	
2.74

	
340.9

	
16.41




	
380–500

	
0.58

	
-

	
7.00




	
FB/K3PO4

	
117–240

	
0.60

	
-

	
7.20




	
240–360

	
2.72

	
277.8

	
23.05




	
360–520

	
1.12

	
440.4

	
13.25











[image: Table] 





Table 4. Activation energies of pyrolysis of the initial bark wood and fir bark wood modified by KCl and K3PO4 obtained by the Coats–Redfern and Arrhenius methods (R2 > 0.9).
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Sample

	
Temperature Range, °C

	
Coates–Redfern

	
Arrhenius




	
Mechanism

	
Ea

	
Mechanism

	
Ea






	
FB

	
261–346

	
D2

	
101

	
D2

	
99




	
346–456

	
R3

	
87

	
R1.5

	
81




	
LB

	
277–352

	
D2

	
114

	
D2

	
110




	
352–487

	
R3

	
90

	
R3

	
88




	
SB

	
262–347

	
D2

	
112

	
D1

	
115




	
347–482

	
R3

	
73

	
R3

	
69




	
CB

	
262–347

	
D2

	
101

	
D1

	
97




	
347–477

	
R3

	
76

	
R3

	
70




	
FB/KCl

	
237–337

	
D3

	
82

	
D2

	
80




	
337–617

	
R3

	
43

	
R3

	
47




	
FB/K3PO4

	
152–237

	
D2

	
23

	
D2

	
20




	
267–392

	
R3

	
44

	
R3

	
45




	
442–497

	
R1.5

	
34

	
R1.5

	
38
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