

  energies-14-05328




energies-14-05328







Energies 2021, 14(17), 5328; doi:10.3390/en14175328




Article



Thermogravimetric and Kinetic Analysis of High-Temperature Thermal Conversion of Pine Wood Sawdust under CO2/Ar



Bao Wang 1,2[image: Orcid], Yujie Li 1, Jianan Zhou 1,2,*, Yi Wang 1, Xun Tao 1, Xiang Zhang 1 and Weiming Song 1





1



State Key Laboratory of Refractories & Metallurgy, Wuhan University of Science and Technology, Wuhan 430081, China






2



Key Laboratory of Ferrous Metallurgy and Resources Utilization, Ministry of Education, Wuhan University of Science and Technology, Wuhan 430081, China









*



Correspondence: zhoujianan@wust.edu.cn







Academic Editors: Jaroslaw Krzywanski, Dino Musmarra, Tae Hyun Kim and Chang Geun Yoo



Received: 16 July 2021 / Accepted: 25 August 2021 / Published: 27 August 2021



Abstract

:

The gasification behavior of pine wood sawdust was investigated in CO2 with different heating rates of 5, 10, 15, and 20 °C/min from room temperature to 1400 °C by thermogravimetric analysis (TGA) and mass spectrometry (MS). It was also examined under Ar to compare the differences observed under CO2 at heating rate of 10 °C/min. Kinetics of pine wood sawdust thermal decomposition was determined by the models of FWO, KAS and master plot method. TGA results revealed different reaction sections from pyrolysis to char gasification under CO2. The pyrolysis behavior was similar under CO2 and Ar and had a similar energy required value about 590 kJ/kg from 250 °C to 420 °C. CO, CH4, and H2 were the primary gases obtained from thermal decomposition, and the amounts of which in CO2 atmosphere were higher than those obtained in Ar. The average activation energy for pyrolysis under CO2 was 184.72 kJ/mol.
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1. Introduction


Global warming and the energy crisis are the major environmental issues that attract great concern across the world. With the growing demand for energy and the awareness of environmental protection, it is urgent to find environmentally friendly and economical renewable energy sources to support the sustainable development of human society [1]. Presently, biomass has been generally regarded as a potential renewable energy source, accounting for ~14% of the total energy consumed worldwide. Biomass mainly comprises cellulose, hemicellulose, and lignin, corresponding to 32–45 wt.%, 19–25 wt.%, and 14–26 wt.%, respectively [2], which has the calorific value of 15.41–19.52 MJ/kg [3] and can be converted to various add-valued products, such as ethanol, methanol, methane, and hydrogen production [4,5,6].



Biomass gasification has become one of the most potential thermochemical conversion technologies because it can rapidly convert a large amount of biomass into easily stored gaseous or liquid fuels [7,8]. It is a complex thermochemical conversion process, mainly comprising two stages: reaction of thermal decomposition and gasification of pyrolysis products with gasified medium [9,10]. Currently, air (oxygen), steam, and carbon dioxide, or a mixture of two agents, are widely used as gasification agents for biomass gasification [11,12,13,14]. The main gasification products are gas mixture including carbon monoxide, hydrogen, and methane [15,16,17,18].



Generally, a large amount of heat needs to be provided directly or indirectly to maintain the endothermic reaction during biomass gasification. For autothermal gasification, air is typically utilized as a gasification agent to partially oxidize the combustible components of biomass in an oxidizing medium (oxygen) for providing the heat required for endothermic reactions in gasification. However, a large amount of nitrogen in the air does not participate in gasification, leading to a large amount of heat loss and significant decrease in concentration of combustible gases in gaseous products. Therefore, the lower calorific value of the gaseous products is typically less than 6 MJ/Nm3 [19] while air is used as gasifying medium. The use of pure oxygen as the gasifying agent will lead to high operating costs in biomass gasification [20] due to air separation. Moreover, some of the biomass will undergo combustion to supply heat for gasification, leading to the increased concentrations of CO2 in the gaseous products. Gaseous products have a high H2 content and a high H2/CO ratio, but a lower CO2 content, when the gasifying agent is steam; however, as steam gasification is predominantly an endothermic reaction, an external heat source is imperative for the reaction to progress, also referred to as allothermal gasification, which increases operating costs [21]. Currently, the mixed gasifying agent consisting of air (oxygen) and steam for biomass gasification has been extensively investigated on a laboratory scale [22,23]. It can produce syngas with lower heating value (LHV) of 11.5 MJ/m3, but the process is complex and expensive [24].



As previously reported, a majority of the studies on biomass gasification are mainly performed using different, or mixed gasification agents containing oxygen, and good experimental results have been obtained. However, establishing an efficient economically gasified facility is still a challenge because of external heat sources required for biomass pyrolysis. In the steelmaking industry, the converter steelmaking process continuously generates a large amount of converter flue gas with the maximum temperature about 1500 °C, with composition of 5–18% N2, 14–20% CO2, 50–70% CO, and less than 2% O2 [25]. Therefore, the high temperature flue gas in converter vaporization cooling flue (CVCF) can provide excellent reaction conditions including heat source and gasifying agent for the gasification of biomass [26,27]. The devolatilization of biomass involves the thermal decomposition under CO2 or N2, affording CO, H2, and light hydrocarbons. The produced char gasifies with CO2 and O2 to generate CO, as well as low amounts of H2. The process can not only lead to the decrease of CO2 emissions from industrial waste gas but also completely utilize high-temperature waste heat in the CVCF to obtain additional high caloricity gaseous fuels by biomass gasification.



Thermogravimetric analysis (TGA) is a commonly used technique to comprehend the thermal conversion characteristics of combustion, pyrolysis, and gasification of samples [28,29,30,31]. Nakanishi et al. [32] have investigated the biomass gasification in steam or O2 by a modified TGA and concluded that both steam and O2 can achieve good results, albeit O2 is more efficient than steam. Haykiri-Acma et al. [33] reported that the gasification characteristics up to 1000 °C of biochar highly hinge on the previous decomposition of biomass and that high gasification yields are obtained if chars are subjected to high temperatures for a long time. Cheng et al. [34] revealed that increasing oxygen concentration leads to the enhanced devolatilization and combustion of fixed carbon. Figueira et al. [35] have investigated the gasification of microalgae generating fuel gas and syngas, with H2, CO, and CH4 as the major gaseous products under argon and water vapor. Huang et al. [24] have investigated the biochar reactivity using O2 as the carrier gas under Ar, CO2 and steam by TGA. It is reported that the decomposition rate of mushroom substrate is slightly higher under N2 than that under CO2 from ambient temperature to 900 °C by TG and Py-GC-MS [36].



However, the biomass gasification behavior performed above 1000 °C has been rarely reported. Therefore, to illuminate the feasibility and practicality of the technology of biomass gasification in CVCF, the gasification behavior of biomass under CO2 from ambient temperature to 1400 °C was mainly investigated in this paper, especially above 1000 °C. TGA-MS technique was employed to examine the influences of heating rates on the pine wood sawdust gasification under CO2. Real-time information with regard to mass loss, heat required, and released gases by the CO2 gasification of biomass was obtained under different heating rates. Additionally, the thermal transformation behavior of biomass with CO2 and Ar was compared at the same heating rate to explore the difference between the thermal behaviors. Furthermore, the preliminary kinetic analysis of devolatilization was performed to calculate kinetic parameters employing the iso-conversional methods of Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO), and the Master Plot Method (MPM).




2. Materials and Methods


2.1. Materials


Pine sawdust used as the gasification feedstock was derived from a furniture factory in Wuhan, Hubei Province, China. The moisture in pine sawdust sample was removed in the sun for 5 days and in drying oven (105 °C) for 24 h, and then sieved using a 200-mesh sieve. Table 1 summarizes the compositions of the pine sawdust sample.




2.2. TGA-MS


The technique of TGA (STA-449F3, NETZSCH Co., Ltd., Selb, Germany) coupled with MS (QMS403, NETZSCH Co., Ltd., Selb, Germany) was employed to record the mass loss and estimate the composition of gaseous products during the thermal transformation of biomass. Ar (99.99%) with a flow rate of 20 mL/min was allowed to flow into the reactor to purge air and avoid biomass combustion. Prior to the experiments, a blank test was conducted for each condition to obtain the baseline to eliminate the systematic errors of the instrument. The samples were randomly chosen and the experiment for each condition was also measured at least twice so that the relative errors of the repeated experiments were within ±1%. In each experiment run, the initial sample keeping the same weight of 8 ± 0.5 mg was placed in an alumina crucible to ensure the comparability of the pyrolysis parameters. The samples were then heated from ambient temperature to 1400 °C with 5, 10, 15, and 20 °C/min, respectively, while 60 mL/min of CO2 was injected. The data were output at an interval of 0.5 °C of temperature through the TGA program. Additionally, the pyrolysis of pine sawdust sample at a heating rate of 10 °C/min under 60 mL/min of Ar was carried out to compare differences observed under CO2 in a separate TGA-MS test.



The evolved gas during the pyrolysis process were analyzed in mass spectrometer through the capillary made of quartz, encased within a stainless-steel sheath. In order to avoid the condensation of evolved gases, the gas delivery system was heated up to 270 °C. In this study, the mass spectra values of 2, 16, 18, 28, and 30 amu were primarily analyzed, corresponding to H2, CH4, H2O, CO, and C2H6, respectively.




2.3. Kinetic Analysis


The pine wood sawdust decomposition reaction can be expressed as:


  P i n e w o o d   S a w d u s t  → k    V o l a t i l e + C h a r  








where variable k represents the reaction rate constant expressing the dependence on the reaction temperature, which usually can be expressed by the Arrhenius formula:


  k  ( T )  = A e x p  (  −  E  R T    )   



(1)




where A (min−1) represents the pre-exponential factor, E (kJ·min−1) is the reaction activation energy, R is the gas constant (J·mol−1·K−1), and T is the reaction temperature. The porosity and surface area of reactant particles continuously changed with the reaction conducting, which caused the change of reaction rate. The decomposition rate can be expressed as follows:


    d α   d t   = k  ( T )  ∗ f  ( α )   



(2)




where t is the decomposition time, f(α) stands for the mechanism function of decomposition, and α signs the conversion ratio, established by:


  α =    m 0  −  m t     m 0  −  m ∞    × 100 %  



(3)




where m0 represents the initial mass of biomass (mg), mt stands for the mass at time t, and m∞ represents the final mass of residuals.



Substituting Equation (1) into Equation (2), the reaction rate can be rewritten as:


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



(4)




Defending the heating rate (β) as dT/dt, thus, the transformation of Equation (4) shows as:


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



(5)







For the kinetics analysis of devolatilization process, TGA has been considered to be an effective method for the biomass pyrolysis [37]. On the basis of TGA results, iso-conversional method is commonly used for analysis of thermal decomposition kinetics [38,39,40], which is able to approximate the activation energy without involving the kinetic mechanism and also called model-free non-isothermal function method. In this work, the apparent activation energy of biomass decomposition was described by the iso-conversional methods of FWO and KAS.



The expressions of FWO [40,41] can be written using Doyle’s approximation [42] as follows:


  ln β = ln   A E   R g  ( α )    − 5.331 − 1.052  E  R T    



(6)







Using Equation (6), E can be determined by the slope of linear fitting of ln(β) versus 1/T.



The KAS [43,44] method can be described by:


  ln  β   T 2    = ln   A R   E g  ( α )    −  E  R T    



(7)




Thus, E is able to be estimated by fitting ln(β/T2) varied with 1/T.




2.4. Determination of Mechanism Function


The MPM [45] was employed to deduce the mechanism function of pine wood sawdust pyrolysis. Defining the integral of Equation (5) as:


  g  ( α )  =   A E   β R   P  ( μ )   



(8)




where g(α) represents the integral of fractional decomposition function f(α), P(μ) is defined to a function of temperature integral,


  P  ( μ )  =   ∫  ∞ μ  −  (     e  − μ      μ 2     )  d μ  



(9)




where   μ = E / R T  , P(μ) is generally obtained by numerical computation approximately and difficult to find an exact value. In this paper, Doyle’s approximation is used to calculate the numerical solution, shown as:


  P  ( μ )  = 0.00484 e x p  (  − 10.516 μ  )   



(10)







In Equation (8), AE/βR is a constant. As for a reasonable mechanism function, expressed as:


    g  ( α )    g  (  0.5  )    =   P  ( μ )    P  (   μ  0.5    )     



(11)




where      μ  0.5   = E / R  T  0.5    .





3. Results and Discussion


3.1. Effects of the Heating Rate on Gasification of Pine Wood Sawdust


Pine wood sawdust was heated up to 1400 °C at 5, 10, 15, and 20 °C/min under CO2 for gasification. Figure 1 shows the mass loss and mass loss rate of sample with temperature. The gasification behavior of pine wood sawdust under CO2 is clearly observed. The entire gasification process is divided into four stages, viz. moisture evaporation; devolatilization pyrolysis; primary thermal decomposition of hemicellulose and cellulose; and char formation and gasification with CO2, respectively (Figure 1). Among these stages, the second and fourth stages are characterized by weight losses and weight loss rates.



From the TG curves, all samples exhibit the similar gasification behavior at different heating rates. Thermal decomposition mainly occurs at 250–390 °C for lower heating rates, while it occurs at 420 °C for 15 and 20 °C/min. A mass loss of ~60%, primarily caused by the thermal degradation of hemicellulose and cellulose, is observed. Two weight loss stages are observed in Figure 1a, corresponding to two peaks of mass loss rates, which are comparable to the pyrolysis of the sample under Ar (Figure 1c,d). However, the thermal decomposition behavior or devolatilization under CO2 is similar to that under Ar. The maximum peak temperatures and the corresponding maximum weight loss rates are nearly consistent with those obtained by pyrolysis under the same conditions, indicating that CO2 is just a carrier gas and does not involve gasification before 400 °C. The DTG curves of pine wood sawdust are characterized by a shoulder peak at heating rates of 5 and 10 °C/min. As the pyrolysis temperature of hemicellulose is lower than that of cellulose, the peak at 200 °C and shoulder peak at 400 °C mainly correspond to thermal decomposition of cellulose and hemicellulose, respectively.



With increasing temperature, the TG curves gradually become flat, and the DTG curves do not exhibit a significant weight loss peak, mainly related the formation of char during the pyrolysis of lignin with an extremely slow reaction rate. The mass decreases to ~12% at temperatures ranging from 420 to 850 °C. Therefore, few studies have reported the thermal degradation behavior at this stage. Moreover, the mass decreases to ~11% under Ar within this temperature range, further indicating that CO2 is the only carrier gas. At the gasification stage, the formed char reacts with CO2, and the DTG curves show a significant mass loss peak. The gasification rate is lower than the decomposition rate because the formed char content is considerably less than that of the devolatilized product. With increasing heating rates, the maximum weight loss rate increases from 4.92%/min to 10.79%/min and from 0.63%/min to 2.01%/min, indicating that pyrolysis and the reaction of carbon with CO2 are more intense reactions. Char gasification under CO2 clearly occurred at 890–1020 °C for a lower heating rate and at 1080 °C for heating rates of 15 and 20 °C/min. In addition, the initial temperature rises from 890 °C to 940 °C with increasing heating rate. The mass decreases to ~15%, indicating that char undergoes almost complete gasification to produce H2, CO, C2H6, and CH4.



The DTG curves revealed that thermal delay exists in thermal decomposition and gasification stages. At the thermal decomposition stage, only one weight loss peak is observed in the other DTG curves compared to that observed at a heating rate of 5 °C/min. Some studies have suggested [46,47] that this result is related to heat transfer limitations in the experiment. With increasing heating rate, a relative temperature difference is observed between the sample, crucible, and atmosphere. Therefore, the DTG curves revealed a large temperature range with increasing heating rates. Additionally, samples require a shorter time to reach the termination temperature at higher heating rates, and samples cannot complete thermal decomposition in an extremely short time, which is also an important reason for thermal decomposition proceeding over a wide temperature range.




3.2. Analysis of Gaseous Products


The released gas from thermal conversion of pine wood sawdust was simultaneously monitored by MS, and the information related to the variation of the gas components under CO2 and Ar was obtained at a heating rate of 10 °C/min. The mass spectra of the gas components were illustrated in Figure 2. As mentioned above, the composition of biomass is complex. Hemicellulose, cellulose, and lignin are continuously decomposed with increasing temperature, which resulted in the generation of various light volatiles; however, the evolution of each gas component is considerably different, which may be determined by the corresponding chemical bonds. In addition, previous studies have reported that the gaseous product composition is directly affected by thermal treatment temperatures. In this study, the mass spectra of H2, CH4, H2O, CO, and C2H6 (m/z = 2, 16, 18, 28, and 30, respectively) were primarily analyzed.



The mass spectrum curves revealed that the temperature range of gas generation is almost consistent with that of the main weight loss. It means that the devolatilization of pine wood sawdust happens along with the generation of the main gas molecules. Under CO2, the gas content is greater than that under Ar, particularly, CH4 gas, which is characterized by the ion current signal intensity. Moreover, the MS curves of each product show different characteristics owing to the generation of gases obtained from the cracking of different chemical bonds. With increasing temperature, the gas content gradually decreases. In the pyrolysis process, CO, H2, and CH4 are the main gaseous products, whereas the CO is also the char gasification products, which are mainly produced at 900–1050 °C. Both gases exhibit a similar variation law but a large difference in their peak intensities, related to the different content of chemical bonds that are broken to produce various gases. The interaction and secondary reaction of pyrolysis gas occurs at high temperature (>400 °C), and the main gas reaction is shown as the Equations (12)–(17):


  T a r →  CH 4  +  H 2  O +  C m   H n  +  H 2   



(12)






  C +  H 2  O → CO +  H 2   



(13)






  CO +  H 2  O →  CO 2  +  H 2   



(14)






  C + C  O 2  → 2 CO  



(15)






   C m   H n  + 2 n  H 2  O → n  CO 2  +  [  2 n +  (  m / 2  )   ]   H 2   



(16)






   C m   H n  + n  H 2  O → n CO +  [  n +  (  m / 2  )   ]   H 2   



(17)







From the mass spectra of H2O, it exhibits two stages of the release of H2O. The first stage begins from room temperature to ~120 °C. The H2O content starts to increase and reaches the maximum at ~100 °C. This stage is mainly related to the moisture evaporation, depending on the drying degree of raw materials. The second peak occurs during decomposition (devolatilization). With increasing temperature, the H2O content considerably increases and reaches a peak at ~350 °C, primarily attributed to the rupture of the hemicellulose and cellulose of macromolecular structures in the sample and the crystallization water and pyrolysis water produced by polycondensation and dehydration. Cao et al. [23] have reported that the generation of H2O is mainly related to the hydroxyl groups formation and the cross-linking reaction between polymer chains. However, the H2O content under Ar is greater than that of CO2. It is deduced that more hydroxyl groups and polymer chains formed under Ar than that under CO2.



The content of CO generated during the decomposition of pine wood sawdust is considerably greater than that of other gases. There are two peaks shown in the mass spectra of CO. The first peak is mainly observed at 230–500 °C [48]. It is reported that CO is mainly originated from decarbonylation and decarboxylation or the reoxidation of carbon. The second peak is observed at 900–1070 °C, corresponding to the reaction between char and carbon dioxide (Equation (15)). Additional weak peaks are observed in the late stage of pyrolysis under Ar, corresponding to the cracking of the oxygen-containing heterocyclic ring at high temperature. This high-temperature cracking releases CO, which is observed as a weak peak in the mass spectra.



It is observed that the content of CH4 and C2H6 under CO2 is considerably greater than that under Argon. CH4 is the most important hydrocarbon produced during sample pyrolysis, mainly corresponding to the cracking of aliphatic hydrocarbons. CH4 starts to release at ~200 °C. With increasing pyrolysis temperature, the CH4 yield continuously increases and reaches a peak at 380 °C under Ar, whereas that occurs at 390 °C under CO2, and then the yield starts to decrease with temperature. The peak intensity of CH4 content drops two orders of magnitude under Ar compared to that under CO2, indicating that the formation of CH4 involves more complex chemical reactions. At 390–420 °C, the CH4 content is relatively stable, indicating that CH4 is formed in this temperature range. CH4 is mainly obtained from the decomposition of long-chain aromatic compounds, alkyl bonds, and ether bonds into small molecules of CH4 (CH2/CH3 + H → CH4). At 450–600 °C, the main source of CH4 at this stage is a relatively stable chemical bond, such as a secondary cracking of methoxyl–O–CH3. The release behavior of C2H6 is relatively stable at ~200 °C. The C2H6 yield continuously increases with temperature and peaks at 370 °C, mainly obtained from the cracking of aromatic hydrocarbons and some oxymethylene-containing compounds. The reason that CO2 atmosphere affects the output and composition of the final gas during pyrolysis may be that CO2 is conducive to tar cracking. Additionally, CO2 participates in the reforming reaction to produce more methane, which is beneficial to the generation of ethane. On the other hand, the amount of C2H6 estimated from the MS curve is slightly overestimated because of the presence of NO (m/z = 30). Furthermore, the release characteristics of H2 are almost the same as those of C2H6, exhibiting the same peak temperatures under Ar and CO2, demonstrating that H2 release is simultaneously along with C2H6 production. H2 is mainly derived from the high-temperature dehydrogenation or polycondensation to form an aromatic structure, which is generally caused by the cracking of C=C and C–H groups [49].




3.3. Estimation of Activation Energy by Iso-Conversional Models


Based on DTA data, the activation energy (E) values of the main thermal devolatilization under CO2 were estimated by FWO and KAS in the conversion range of 0.15–0.85 with increments of 0.05.



According to Equations (6) and (7), the apparent activation energy was obtained from the linear fitting plots of lnβ or ln(β/T2) versus 1000/T, respectively. The linear fitting equations of the two methods were thus obtained. For the given conversion rate values, E values for decomposition were carried out by the linear slopes (−1.0516 E/R and −E/R), respectively. Figure 3 shows the results.



The fitting results show a better linear correlation, with R2 > 0.99 (Figure 3). The corresponding apparent activation energy at different conversion rates was calculated by using the slope of the fitting curves obtained by the FWO and KAS methods. Table 2 summarizes the calculated results. The E values continuously change with the increase in the conversion rates, and the difference between the minimum and maximum E values is ≈35 kJ/mol. Owing to the complexity of the biomass components, thermal degradation involves multi-step kinetics with different apparent activation energies [50]. Given a conversion value then the E value calculated by the iso-conversional method is similar. The values are 180.91 kJ/mol and 188.52 kJ/mol, respectively. Thus, the average value from KAS and FWO is considered as the estimated activation energy for the pyrolysis of biomass, which is 184.72 kJ/mol. The activation energy for devolatilization (pyrolysis) has been mainly examined under Ar. Wang et al. [30] have reported an apparent activation energy of 221.7 kJ/mol at heating rates of 10, 20, and 30 °C/min for the thermal decomposition of an agricultural residue. Özsin et al. [51] have reported E values for the pyrolysis of chestnut shells, cherry stones, and grape seeds using the KAS method at heating rates of 5, 10, 20, and 40 °C/min. They obtained average values of 175.2, 272.2, and 186.6 kJ/mol, respectively. Damartzis et al. [26] have reported E values for the thermal degradation of cardoon leaves using independent parallel reaction model at heating rates of 5, 10, 20, and 30 °C/min. They found that the highest E values for the decomposition of hemicellulose and cellulose range from 52 to 181 kJ/mol and from 73 to 95 kJ/mol, respectively, while the lowest E value is obtained for the decomposition of lignin (29–50 kJ/mol). Kok et al. [52] have reported E values for miscanthus, poplar wood, and rice husk using the FWO method at five heating rates of 5, 10, 15, 25, and 50 °C/min, respectively, at 20–600 °C. Their corresponding values are 229.4, 219.2, and 250.3 kJ/mol. Gu et al. [53] have determined the E values for the pyrolysis of poplar wood and sawdust using the Kissinger and FWO methods at different heating rates of 10, 20, 40, and 80 °C/min up to 1000 °C. The E values range from 134 kJ/mol to 142 kJ/mol. The calculated E values exhibit a minor difference compared to previous studies that utilize a myriad of methods to determine E, related to the reaction atmosphere and heating rates.




3.4. Determination of Mechanism Function and Pre-Exponential Factor


3.4.1. Determination of Mechanism Function


The master plot method can determine the mechanism function through the comparison of the functional models and experimental results [54]. In this study, 19 probable mechanism functions are shown in Table 3.



Conversion values are determined from the thermal degradation stage at 250–420 °C. To select the best mechanism function, theoretical curves were obtained by plotting g(α)/g(α0.5) versus α. P(μ) values were calculated by using an E of 184.72 kJ/mol and the temperature at different conversions in the TG curve. Experimental curves were obtained by plotting P(μ)/P(μ0.5) varied with conversion rate. For the given conversion rates, the experimental value of P(μ)/P(μ0.5) and calculated values of g(α)/g(α0.5) are equivalent for the most appropriate kinetic model. Figure 4 demonstrates that the experimental curve obtained at a heating rate of 15 °C/min exhibits a better linear fit with the sixth theoretical curve, indicating that the weight loss follows a single mechanism function, and the most mechanistic function is f(α) = 3/2 (1 − α)4/3 [(1 − α)−1/3 − 1]−1.




3.4.2. Determination of Pre-Exponential Factor


The integral expression g(α) = [(1 − α)−1/3 − 1]2 was substituted into Equation (8), leading to the following equation:


  g  ( α )  =   A E   β R   P  ( μ )  =    [     (  1 − α  )    −  1 3    − 1  ]   2   



(18)







The data of Equation (18) were linearly fitted by the least-squares method. The pre-exponential factor (A) was valued by the intercept of the plots [(1 − α)−1/3 − 1]2 versus EP(μ)/βR, is 3.379 × 1013. Therefore, the kinetic equation for the decomposition of pine wood sawdust can be expressed as follows:


    d α   d t   = 3.379 ×   10   13   e x p  (  − 1.479 ×   10  3  / T  )     (  1 − α  )     4 3       [     (  1 − α  )    −  1 3    − 1  ]   2   



(19)









3.5. Energy Required for the Gasification


Differential scanning calorimetry (DSC) is employed to determine the heat required for the thermal degradation and gasification of pine wood sawdust at four heating rates of 5, 10, 15, and 20 °C/min, respectively. The heat required for pyrolysis and gasification is a key parameter in the aspect of the thermochemical conversion behavior of pine wood sawdust. In addition, these parameters provide a theoretical basis for the design of a laboratory gasification reactor and the energy estimation of pine wood sawdust by thermal conversion [55]. The energy for the sample conversion mainly comprised two parts, which was determined from DSC measurements: energy for heating and energy for the reaction, respectively. The total heat value of these two components is the same as the heat flow value on the Y-coordinate of the DSC curves, representing the amount of heat absorbed or released by samples per unit time. DSC curves exhibited the variation rule of heat flow during the thermal decomposition and gasification of samples at 25–1400 °C. The endothermic peaks obtained at ~100 °C correspond to the evaporation of the moisture present in the samples.



The DSC curves of pinewood sawdust are shown in Figure 5a,b; the data on Y coordinate is [56]:


      d Q   d t      m  s , 0     =    m s   C  p , s     d T   d t   +  m s   H p     m  s , 0      



(20)




where Q represents the heat consumption of samples gasification (kJ), ms,0 is the initial mass of samples (kg), ms is the mass of samples during TG-MS-DSC experiment (kg), Cp,s is the specific heat capacity of samples (kJ·kg−1·K−1), T is the reaction temperature (K), t is the time of experiment run (s), Hp is the heat flow resulted from reaction heat of samples gasification (kJ·kg−1·s−1).



The integration of Equation (20) can be written as Equation (21):


   Q   m  s , 0     =   ∫  0 t     m s   C  p , s     d T   d t   +  m s   H p     m  s , 0     d t  



(21)







Therefore, the energy required of the samples can be counted by integrating the above DSC curves (using Equation (21)).



From the DSC curves, heat flow values of the pine sawdust considerably change with heating rates, mainly related to the thermal delay. During devolatilization, with increasing heating rate, thermal decomposition leads to the release of additional heat. However, in the subsequent carbonization stage, contrasting reactions occur compared to devolatilization. These reactions absorb a large amount of heat, and heat absorption decreases with increasing heating rates. Furthermore, during the gasification of char under CO2, the reaction continues to absorb heat and then release. From Figure 5a,b, the DSC curve under CO2 almost coincides with that under Ar during thermal decomposition (devolatilization), further verifying that CO2 and Ar have the same effect and only act as the reaction carrier gas. However, with increasing temperature, the heat absorbed by the sample under CO2 is greater than that under Ar.



Equation (21) is utilized to determine the heat required for gasification of the pine wood sawdust under CO2 and that for pyrolysis under Ar. The whole gasification process can be divided into three zones to analyze the required energy. The first zone describes the energy of moisture removal, and the sample is heated to the initial decomposition temperature; the second zone represents the energy of the thermal decomposition of the sample; and the third zone represents the heat of CO2 gasification. The DSC curve was integrated by OriginPro to obtain the heat required for each reaction stage. Figure 6a,b show the results obtained. The energy required for each reaction stage is considerably different at different heating rates under CO2. The required energy is not linearly correlated to the increase in heating rates. For heating rate of 15 °C/min, the heat required in each stage is greater than other groups. Thermal decomposition (devolatilization) is an exothermic reaction and releases a large amount of heat at 250–420 °C, i.e., 319.83, 587.68, 1053.01, and 958.96 kJ/kg at heating rates of 5, 10, 15, and 20 °C/min, respectively, under CO2. In addition, the value is ~591.99 kJ/kg under Ar, which is similar to that observed under CO2. During the gasification of char under CO2, the reaction is an endothermic reaction. The required heat values are 2146.80, 1545.69, 3038.24, and 2553.39 kJ/kg at heating rates of 5, 10, 15, and 20 °C/min, respectively. Hence, the absorbed heat at a heating rate of 15 °C/min is thought to be significantly greater than that at other heating rates, indicating that the gasification of char under CO2 is more thorough. Table 4 summarizes the value of the heat required at each stage.





4. Conclusions


To confirm the feasibility of injecting biomass into high temperature gas flue of converter to generate gas fuels by CO2 gasification, high temperature (~1400 °C) thermal conversion behaviors of pine wood sawdust under CO2 and Ar atmosphere were investigated by TG-MS. A clear separation between devolatilization pyrolysis and char gasification under CO2 was observed from the TGA results. The gasification process of biomass under CO2 can be divided into four main stages, corresponding to the temperature range of 65–110 °C, 250–400 °C, 420–800 °C, and 890–1080 °C. With increasing heating rates from 5 °C/min to 20 °C/min, the maximum weight loss rate increases from 4.92%/min to 10.79%/min and from 0.63%/min to 2.01%/min. Compared the gas contents under CO2 and that under CO, higher amounts of the main gases were obtained under CO2, except H2O. The apparent activation energy of biomass decomposition stage was calculated by the iso-conversional methods of KAS and FWO for 180.91 kJ/mol and 188.52 kJ/mol, respectively. The energy required at 15 °C/min was the highest. The energy required for char gasification was greater than that required for char pyrolysis. A similar value of 590 kJ/kg was obtained under CO2 and Ar.



The results can provide some baselines and insights for the pyrolysis technologies in the steel industry to establish a cost-efficient and ecofriendly way of biomass gasification. However, the new method of biomass gasification in converter gas flue is a flash pyrolysis process. To further strengthen the applicability, the thermodynamic and kinetic of fast gasification of biomass under mixture gas (CO2, CO and N2) or steam by Py-GC-MS and entrained-bed need to be further studied.
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Figure 1. TGA results of pine wood sawdust: (a) TG and (b) DTG with different heating rates; (c) TG and (d) DTG under CO2 and Ar (10 °C/min). 






Figure 1. TGA results of pine wood sawdust: (a) TG and (b) DTG with different heating rates; (c) TG and (d) DTG under CO2 and Ar (10 °C/min).



[image: Energies 14 05328 g001]







[image: Energies 14 05328 g002 550] 





Figure 2. The variation of each light component at heating rate of 10 °C/min under CO2 and Ar. 
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Figure 3. (a) FWO and (b) KAS plots of pine sawdust at different conversion rates. 
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Figure 4. Comparison of experimental and theoretical curves based on Master Plot method. 
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Figure 5. DSC curves of biomass sample: (a) different heating rate and (b) CO2 and Ar (10 °C/min). 
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Figure 6. Energy required for the pinewood sawdust: (a) different heating rates and (b) CO2 and Ar atmosphere. 
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Table 1. The compositions of the pine sawdust obtained from ultimate and proximate analysis.
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Ultimate Analysis (wt/%)

	
Proximate Analysis (wt/%)






	
C

	
H

	
N

	
S

	
O (Diff.)

	
Moisture

	
Volatile Matte

	
Ash

	
Fixed Carbon




	
44.54

	
5.36

	
0.41

	
0.06

	
47.78

	
4.52

	
78.46

	
1.85

	
15.17
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Table 2. Activation energy values at different conversion rates.
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Conversion

	
KAS

	
FWO




	
E (kJ/mol)

	
R2

	
E (kJ/mol)

	
R2






	
0.15

	
163.03

	
0.9996

	
172.31

	
0.9997




	
0.2

	
164.43

	
0.9987

	
173.67

	
0.9989




	
0.25

	
176.19

	
0.9963

	
176.98

	
0.9971




	
0.3

	
168.42

	
0.9959

	
177.54

	
0.9966




	
0.35

	
171.28

	
0.9971

	
180.29

	
0.9976




	
0.4

	
177.69

	
0.9992

	
186.43

	
0.9994




	
0.45

	
182.91

	
0.9979

	
191.42

	
0.9983




	
0.5

	
186.25

	
0.9958

	
194.65

	
0.9966




	
0.55

	
192.14

	
0.9982

	
200.28

	
0.9985




	
0.6

	
196.81

	
0.9981

	
204.77

	
0.9985




	
0.65

	
188.89

	
0.9996

	
197.26

	
0.9996




	
0.7

	
187.56

	
0.9987

	
196.08

	
0.9989




	
0.75

	
186.175

	
0.9991

	
194.76

	
0.9993




	
0.8

	
181.31

	
0.9892

	
190.17

	
0.9911




	
0.85

	
190.51

	
0.9878

	
191.06

	
0.9928




	
average

	
180.91

	

	
188.52
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Table 3. 19 probable mechanism functions.
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	Code
	Mechanism
	f(α)
	g(α)





	1
	One dimensional diffusion
	1/(2α)
	α2



	2
	Two dimensional diffusion (Valensi)
	[−ln (1 − α)]−1
	α + (1 − α) ln (1 − α)



	3
	Three dimensional diffusion (G-B)
	3/2 [(1 − α) −1/3 − 1]−1
	(1 − 2/3α) − (1 − α) 2/3



	4
	Three dimensional diffusion (Jander)
	3/2 (1 − α)2/3 [1 − (1 − α)1/3]−1
	[1 − (1 − α)1/3]2



	5
	Three dimensional diffusion (Opposite Jander)
	3/2 (1 + α)2/3 [(1 + α)1/3 − 1]−1
	[(1 + α)1/3 − 1]2



	6
	Three dimensional diffusion (Z-L-T)
	3/2 (1 − α)4/3 [(1 − α)−1/3 − 1]−1
	[(1 − α)−1/3 − 1]2



	7
	First-order
	1 − α
	−ln(1 − α)



	8
	Avrami-Erofeev
	3/2 (1 − α) [−ln(1 − α)]1/3
	[−ln(1 − α)]2/3



	9
	Avrami-Erofeev
	2 (1 − α) [1 − ln(1 − α)]1/2
	[−ln(1 − α)]1/2



	10
	Avrami-Erofeev
	3 (1 − α) [1 − ln(1 − α)]2/3
	[−ln(1 − α)]1/3



	11
	Avrami-Erofeev
	4 (1 − α) [1 − ln(1 − α)]3/4
	[−ln(1 − α)]1/4



	12
	Contracting cylinder
	2 (1 − α)1/2
	1 − (1 − α)1/2



	13
	Contracting sphere
	3 (1 − α)2/3
	1 − (1 − α)1/3



	14
	Power law
	1
	α



	15
	Power law
	2α1/2
	α1/2



	16
	Power law
	3α2/3
	α1/3



	17
	Power law
	4α3/4
	α1/4



	18
	Chemical reaction (second level)
	(1 − α)2
	(1 − α)−1 − 1



	19
	Chemical reaction (2/3 level)
	2 (1 − α)3/2
	(1 − α)−1/2
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Table 4. The energy required for each stage at different heating rates.
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Heating Rate (°C/min)

	
Temperature (°C)

	
Energy Required (kJ/kg)






	
5

	
25–250

	
277.84




	
250–420

	
319.83




	
887–1012

	
2146.80




	
10

	
25–250

	
525.14 (CO2)/498.62(Ar)




	
250–420

	
587.68 (CO2)/591.99(Ar)




	
935–1030

	
1545.69




	
15

	
25–250

	
1099.23




	
250–420

	
1053.01




	
932–1078

	
3038.24




	
20

	
25–250

	
534.41




	
250–420

	
958.96




	
934–1075

	
2553.39
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