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Abstract

:

In the present study, the effect of dolomite and olivine as catalysts on the carbon dioxide (CO2) gasification of a candidate renewable solid recovered fuel, known as Subcoal™ was determined. Thermogravimetric analysis (TGA) was used to produce the TGA curves and derivative thermogravimetry (DTG) for the gasification reaction at different loadings of the catalyst (5, 10, 15 wt.%). The XRD results showed that the crystallinity proportion in Subcoal™ powder and ash was 42% and 38%, respectively. The Arrhenius constants of the gasification reaction were estimated using the model-fitting Coats–Redfern (CR) method. The results showed that the mass loss reaction time and thermal degradation decreased with the increase in catalyst content. The degradation reaction for complete conversion mainly consists of three sequences: dehydration, devolatilisation, and char/ash formation. The complete amount of thermal degradation of the Subcoal™ sample obtained with dolomite was lower than with olivine. In terms of kinetic analysis, 19 mechanism models of heterogeneous solid-state reaction were compared by the CR method to identify the most applicable model to the case in consideration. Among all models, G14 provided excellent linearity for dolomite and G15 for olivine at 15 wt.% of catalyst. Both catalysts reduced the activation energy (   E a   ) as the concentration increased. However, dolomite displayed higher CO2 gasification efficiency of catalysis and reduction in    E a   . At 15 wt.% loading, the    E a    was 41.1 and 77.5 kJ/mol for dolomite and olivine, respectively. Calcination of the mineral catalyst is substantial in improving the activity through enlarging the active surface area and number of pores. In light of the study findings, dolomite is a suitable mineral catalyst for the industrial-scale of non-recyclable waste such as Subcoal™ gasification.
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1. Introduction


Climate change and global warming from the emission of greenhouse gases (GHG) are currently defined as major threats to humanity. A series of international measures and actions have been taken to mitigate the GHG effect. Recently, in Glasgow, the 26th UN Climate Change Conference of the Parties (COP26) was conducted. The participants emphasised the commitment to deep GHG emissions cuts and support the 1.5 °C global warming limit goal [1]. One of the most effective ways to cut emissions is using the thermal conversion of sustainable biomass into energy, where this biomass is assumed to utilise renewable carbon within its lifecycle.



Municipal solid waste (MSW) is one of the most inexpensive and available alternative fuels. The landfilling of non-recycled MSW in some countries such as Qatar is a challenging disposal method due to the lack of land and emissions from landfills [2]. Alternatively to landfill, the non-recycled MSW in Qatar can potentially be gasified to produce valuable synthesis gas (syngas) consisting of CO, CO2, CH4, and H2 [3].



The study herein was driven by the Qatar National Vision 2030 for better MSW management. Adopting biomass gasification in Qatar will minimise the air pollutants emitted from the combustion of fossil fuels and landfills. Currently, the Domestic Solid Waste Management Centre (DSWMC) in Doha generates 30 MW of electricity from MSW as a part of the Waste-to-Energy (WtE) program [4].



Subcoal™ is a promising fossil fuel substitute consisting of a non-recyclable mixture of plastics and paper waste and is produced by the N + P Group [5]. It comes with unique properties such as high energy content, low sulphur content, and good hydrophobicity. Due to these properties, this material has been used as a solid fuel in different industries such as steel and cement production. The kinetics of Subcoal™ gasification have received limited attention in the reported literature [6]. It can be prepared from the MSW in Qatar as a feedstock for a gasification plant.



Biomass fluidised bed gasification takes place widely over bed materials, which are a mixture of sand and catalyst particles. However, the production of tar during gasification may lead to serious problems in the system such as condensation and clogging, therefore, a tar removal method is usually required [7]. In the case of municipal solid waste, the amount of material involved is likely to be very large, so the reactor residence time and length scales are the major design criteria of technical interest [2]. Therefore, a catalyst is necessary to enhance the reaction for the production of syngas. Another role of the catalyst is the cracking of tar including thermal and hydrocracking [5]. The hydrocarbons are adsorbed in their dissociative form after hydrogen is removed catalytically [6].



Synthetic and natural catalysts have been used in biomass gasification. Natural mineral catalysts are found in the Earth’s crust such as dolomite and olivine [8,9,10]. They are commonly used because they are abundantly available and are inexpensive compared to refined and precious metals [8]. The formation of dolomite in the Khor Al-Adaid sabkha in Qatar has been reported in the work of DiLoreto et al. [11].



Olivine is a rock-forming mineral that is naturally available with a general chemical formula of magnesium iron silicate (Mgx, Fe1−x)2 SiO4. The catalytic activity of olivine for tar reduction can be related to iron oxide (Fe2O3), magnesite (MgO), and nickel (Ni) portions. Iron is effective when it is found on the surface of the catalyst. Oxidation and/or calcination of olivine helps to transfer iron to the surface. Olivine is mainly deactivated by the formation of coke, which covers the active sites and reduces the surface area of a catalyst [12]. The catalytic influence of olivine on biomass gasification has been examined in several studies [13,14,15,16].



Dolomite is a widespread inexpensive mineral that forms in rocks over a significant underground area. It is a common tar conversion catalyst that is composed of calcium magnesium carbonate CaMg(CO3)2 [17,18]. The composition of dolomite may vary depending on the geographical location [19], however, the major compounds found in dolomite are calcium oxide (CaO), magnesium oxide (MgO), and CO2 [20]. Dolomite may also contain traces of silica (SiO2), aluminium oxide (Al2O3), and Fe2O3 [21].



This paper aimed to investigate the effects of dolomite and olivine concentrations on the Subcoal™ CO2 gasification using TGA. The XRD data of Subcoal™ fuel and ash will be provided as part of the catalytic effect investigation. The thermal behaviour and kinetic parameters in the presence of the catalyst will be examined using the Coats–Redfern (CR) method. In addition, this study is regarded as foundational knowledge for future Subcoal™ gasification with catalyst research. However, this paper aimed to investigate the effects of mineral-based catalysts, namely, dolomite and olivine on the Subcoal™ CO2 gasification using TGA. Subcoal™ as a fuel is a novel and new material type that is segregated from municipal solid waste (MSW), which can be used effectively in gasification technology to generate power in countries suffering from MSW landfilling and fossil fuel emissions such as in Qatar. In our previous studies, we presented the behaviour and kinetics of uncatalysed Subcoal™ gasification using a model free method. Some mineral catalysts such as dolomite and olivine are abundant in the Middle East region. It would be useful to achieve an understanding of the catalysis performance of these minerals in the gasification process. The influence of inexpensive mineral catalysts on the gasification of Subcoal has received insufficient or no attention. This is the first study that also included reaction kinetics investigations, which contribute to the better design of a Subcoal™ gasifier in the presence of CO2 and a mineral catalyst. CO2 as a gasifying agent offers unique features over air or steam to ensure better gasification performance and as a way of CO2 utilisation. Finally, the present study is regarded as foundational knowledge for future Subcoal™ gasification with catalyst research.




2. Methodology


2.1. Materials


Pulverised Subcoal™ pellets are a commercially available waste-derived material made of non-recyclable paper and plastic waste [22]. A sample of this material was provided by N + P Group B.V in the Netherlands. To study the effect of catalyst loadings on Subcoal™ by TGA, pulverised Subcoal™ pellets were milled to less than 3 mm using a knife mill grinding machine (Fritish GmbH, Idar-Obersten, Germany). This milled product is known as a pulverised alternative fuel (PAF). The mineral content in the Subcoal™ ash (as received) was determined using X-ray fluorescence (XRF), as shown in Table 1. The minerals and elements in ash may potentially provide catalytic effects on the gasification reaction [23].



The XRD analysis of Subcoal™ powder <3 mm and ash were carried using X-ray diffraction (Diffraktometer D5000, Siemens, Munich, Germany) with a 2θ range of 20° to 90° to identify the crystallinity and composition. The sample was mounted on the diffractometer sample holder in a flat layout. A typical sample holder is a 2 mm thick plate with a 20 mm square hole in the centre. The proportion of the crystalline components in the fuel (crystallinity) was determined according to standard test method ASTM D5758 and results evaluated using the following formula [24]:


   Crystallinity   %  =    A c       A c  +  A a    × 100  



(1)




where    A c    is the area under the peaks representing the total crystalline region, and    A a    is the area under the peaks representing the total amorphous region [24]. In addition, the sample was placed onto the holder in the machine sample stage and compressed using a glass slide to obtain a flat and even surface. The holder was transferred into the XRD goniometer and the door was closed. The chiller unit and XRD unit were then switched on, respectively. The default power was set at 200 W (20 mA and 10 kV), which was increased to 1400 W (35 mA and 40 kV). The shutter door was kept open to allow X-rays to reach the sample. Then, the scanned data were inserted in the computer-based software (Panalytical X’Pert HighScore Plus) that organises the scanning process. Finally, the scan program was sent to the XRD machine and the scan commenced. The results were transferred to OriginPro® software and the crystallinity of the sample was calculated.



The XRD analysis of the Subcoal™ powder produced a large peak of amorphous compounds at 2θ of 23° composed of barium (Ba), calcium (Ca), and silica (Si), as shown in Figure 1. The first amorphous peak compounds consisted mainly of Ba, Ca, and Si. The next peak confirmed a crystalline compound at 27° with an intensity of 161 a.u. while the second amorphous peak appeared at 30°. Previous research in this area, specifically in relation to the analysis of polymers with XRD, by Marsh [25] found that amorphous peaks were dominant, as shown by their defined peaks. However, the amount of crystalline matters in plastic and paper waste exceeded the randomly distributed amorphous ones.



Small crystalline peaks appeared at 2θ of 40° and 65° with the intensity of 75.5 and 26.5 au., respectively, which consisted of trace elements. It was found that the crystallinity proportion in Subcoal™ powder based on the total area of all peaks was 42%. XRD is also a substantial tool for the semi-quantitative evaluation of crystalline phases and mineral components in ash [26]. The content of amorphous materials in the biomass sample or ash determines the decomposition temperature. The higher the glass (amorphous) content, the lower the gasification temperature [27]. The non-crystallinity is attributed to the presence of amorphous aluminosilicate [28].



Figure 2 shows the XRD analysis of Subcoal™ ash in terms of peak height (a) and area (b) that was used to identify the crystallinity of the sample. The area of a peak is calculated by multiplying the FWHM (full width at half maximum) times the height. The area under the peak provides information on the percentage of crystallinity. The height of the main peaks indicates the intensity of each polymorphic phase. The largest crystalline peak of calcium chloride (CaCl) was obtained at 38.5° with an intensity of 245 au. Semi-crystalline peaks were also detected between 30° and 35°. The remaining signals included small crystalline peaks and experimental noise. The crystallinity percentage in ash based on the total area of all peaks was found to be 37.67%. In comparison with the Subcoal™ sample, the reduction in the crystallinity can be attributed to the decomposition of crystalline cellulose fibres [29]. The crystalline minerals and metal oxides in the ash may behave as a catalyst of thermal decomposition reactions [30].



Dolomite and olivine were supplied by the Tarmac Company (Solihull, UK) from Port Talbot in the form of powder with a particle size of <1 mm. Catalyst particle size was reduced and sieved to 106–212 μm according to BS 1377-9:1990 using a ring mill machine (Labtech Essa 100100, Australia). The chemical composition of olivine and dolomite is listed in Table 2 as supplied by the manufacturer. As can be seen, the dispersion of the active species (CaO and MgO) on the dolomite and olivine particles were around 48.72% and 49.26%, respectively.




2.2. Experimental Procedure


The experiments of CO2 gasification of Subcoal™ were carried out at Cardiff University using TGA (Mettler Toledo AG TGA/SDTA 851e, USA). CO2 converts char (carbon) to CO according to the slightly endothermic Boudouard reaction, which is favourable at high temperature [31]. However, using air as a gasifying agent leads to syngas dilution with nitrogen, which reduces the heating value of the fuel gas. In contrast to steam, CO2 requires no heat for water evaporation [32]. The gasification study in TGA provides data on the thermal decomposability of Subcoal™ in relatively less expensive and complex experiments. Under non-isothermal conditions, TGA and DTG analysis were conducted for a temperature range of 25 to 900 °C following the BS EN ISO 11358:1997 standard. A constant heating rate of 20 °C/min was adopted to test the influence of different catalyst loadings (0%, 5%, 10%, and 15% on a weight basis). However, low loadings of the catalyst (e.g., 1 wt.%) were considered in this study due to insignificant changes in the gasification performance that is due to poor mixing with Subcoal and the gasification agent. A 10 ± 5 mg of a Subcoal™ PAF sample was placed into a cylindrical alumina crucible. The crucible and sample were loaded onto the TGA carousel using tweezers. CO2 was used as a gasifying agent with a flow rate of 100 mL/min [26]. The weight loss was recorded against the time and temperature to produce TGA and DTG curves. Once the experiment was completed, the temperature, time, and mass change data were exported to a spreadsheet.




2.3. Kinetic Model Description


A reaction kinetics study provides information on the reaction pathway and whether a reaction is reversible or irreversible as well as the intermediate steps [33]. The kinetics of a thermal reaction can be understood by performing experimental thermodynamic measurements under different operating conditions. Based on the overall reaction order, the rate of reaction depends on the reaction temperature. The rate of reaction ( r ) is expressed as follows:


  r ∝    B   n   



(2)




where    B    is a reactant concentration and  n  the overall reaction order. The rate of the reaction is proportional to the reaction constant ( k ):


  r = k    B   n   



(3)






    d  B    d t   = k    B   n   



(4)







The rate of the reaction in Equation (4) can be given as a function of conversion degree ( x ):


  −    B   o     1 − n       d x   d t   = k     1 − x    n   



(5)







A chemical reaction between molecules/particles takes place based on the theory of collision [34]. The    E a    of the reaction determines the response of the reaction rate to the temperature and time. The functional form of the mathematical relationship between the reaction constant and absolute temperature (  T ¯  ) was proposed by Arrhenius in 1889 [33]:


  k = A    e    −  E a    R T      



(6)







Both pre-exponential constant  A  and    E a    are independent of temperature. By combining Equations (5) and (6), the following equation is obtained:


  −    B   o     1 − n     d x   d t   =   A    e    −  E a    R T           1 − x    n   



(7)







The sample mass loss was used to calculate the conversion degree according to the following formula:


  x =    m o  −  m t     m o  −  m f     



(8)




where    m o  ,    m t   , and    m f    are the mass of the sample at the start of the experiment, at the time (t), and at the end, respectively. The TGA was set to work at a constant heating rate ( β ) which can be introduced to Equation (9) for the non-isothermal conditions:


  β =   d T   d t    



(9)







Then, the equation becomes:


  −    B   o     1 − n     d x   d T   =  A β     e    −  E a    R T           1 − x    n   



(10)







Integration of Equation (10) from an initial to a final value of temperature (   T i    a n d    T f   ) and conversion (   x i    a n d    x f   ) allows the      E a    in the equation to be estimated as described below:


  −    B   o     1 − n     ∫    x i     x f      d X       1 − x    n    =  A β      ∫    T i     T f       e    −  E a    R T       d T  



(11)







In the present work, the CR method was used to evaluate the Arrhenius parameters [35]. The CR is an integral model-fitting method with good accuracy of estimation. According to Liu et al. [36], the error by the Coats–Redfern method does not exceed ±2% for a conversion degree between 20% and 80%. However, knowledge of the reaction mechanisms (overall reaction order) is required. The following approach was developed by modifying the conventional form to be effective for single or multiple heating rates [37]:


  ln     ln   1 − x      T 2      = ln     R   A   β    E a          1 −   2   R    T ¯     E a        −    E a    R   T    



(12)




where   T ¯   is the arithmetic mean temperature of an experiment. Equation (12) was generalised to be compatible with different reaction mechanisms. It was also assumed that the term       2   R    T ¯     E a    ≪ 1   to simplify the equation, hence the general form of the method becomes:


  ln     G  x     T 2      = ln     R   A   β    E a        −    E a    R   T    



(13)







The    E a    from Equation (13) above can be achieved by plotting term   ln     G  x     T 2        against (1/T). The thermal decomposition mechanism function   G  x    can be approximated from 19 mechanism models for solid–gas reactions, as listed in Table 3. The accuracy of this method largely depends on the selection of the mechanism function and correlation coefficient (R2). However, if the      E a    is known, the reaction kinetics can be determined. The y-intercept of the      E a    in the curve gives the value of the term   ln     R   A   β    E a         , which can be rearranged to obtain the  A  value, as follows:


  A =   β    E a   R     e  y − i n t e r c e p t    



(14)









3. Results


3.1. Effects of Dolomite


The thermal decomposition in CO2 gasification of Subcoal™ PAF was carried out in the presence of different loadings of dolomite catalysts, as shown in Figure 3a,b.



The mass loss of the sample indicates that the rate of decomposition with 15 wt.% dolomite increased more steeply than without the catalyst, as shown in Figure 3a. Additionally, the conversion changed to lower temperature with the addition of the dolomite. The complete conversion reaction decreased from 792.7 to 748.4 °C as the dolomite concentration increased from 0 to 15 wt.%. The sample mainly decomposed in two sub-stages between 200 and 520 °C. Dolomite showed good performance in promoting the reaction rate of CO2 gasification. It enhances the cracking of tar and increases the production of syngas [39]. However, at the concentration and conditions, dolomite catalysed the CO2 gasification reaction slightly better than olivine [13].



Table 4 lists the Tm and thermal degradation DTG values. The degradation rate in the first and fourth stages was insignificant compared to the second and third stages (decomposition step). The Tm value reduced with the increase in the dolomite loading. Tm decreased from 484.8 to 477.2 °C as the dolomite loading increased from 0 to 15 wt.%. The DTG at the lowest Tm and 15 wt.% dolomite was −0.0270 wt.%/min.




3.2. Effects of Olivine


CO2 gasification was conducted in the presence of different loadings of olivine. The decomposition and DTG reaction were plotted as a function of temperature in Figure 4a,b.



The olivine in CO2 gasification exhibited a similar performance as that in dolomite. The olivine also promoted the decomposition of biomass. It can be seen from Figure 4a; the reaction time decreased as the catalyst loading increased. The complete conversion reaction decreased from 792.7 to 767.7 °C as the olivine concentration increased from 0 to 15 wt.%. The conversion curve also showed two regimes of decomposition: the first was between 0.2 and 0.45, and then from 0.45 to 0.8.



In terms of the DTG analysis, the curves drifted to a lower temperature as the loading of olivine increased. The DTG parameters are listed in Table 4. The value of Tm reduced from 489.3 to 483.8 °C as the catalyst loading increased from 0 to 15 wt.%. Regarding the degradation rate, the peaks decreased from −0.0322 to −0.0285 wt.%/min. The difference between the highest and lowest values of Tm was 5.5 °C at catalyst loadings of 15 wt.% olivine and 0 wt.%.




3.3. Kinetic Analysis


The CR method was used to determine the    E a    and  A  of gasification for different mechanism models (G(x)) using Equations (13) and (14). Figure 5 displays the approximated curves of the CR method for (G(x)). The linear relationship between Ln (G(x)/T2) and 1/T implies a single mechanism reaction. However, most lines showed that the reaction has a multi model mechanism. Furthermore, as the catalyst ratio increased, the reaction lines for all models decreased due to a shorter reaction time, as shown in Figure 5. The comparison of the    E a      obtained from each model and test is shown in Figure 6. The effect of dolomite loading on the kinetic parameters was evaluated as listed in Table 5. The table also includes the goodness of fit coefficient to the regression model (R2) value based on    E a    value in order to demonstrate the appropriateness of the model fitting.



The calculated    E a    and  A  values with the highest R2 values were 41.1 kJ/mol and 370 min−1, which was found in G14 at 15 wt.% of dolomite loading, as shown in Table 5. However, the other models also showed high    R 2    with different values of    E a    due to the complexity of the Subcoal™ PAF gasification reactions, and the inhomogeneity of the material. The variation in the    E a    was obtained due to the reaction mechanism models, as reported by Aboulkas and El Harfi [40].



Figure 7 displays the reaction kinetic graphs of gasification at different loadings of olivine. Figure 8 and Table 6 compare the values of    E a    at various contents of catalyst, which was estimated using different mechanism models. Model G15 at 15 wt.% exhibited excellent linearity with the highest R2 value of 0.992, which makes it a good candidate for    E a    estimation and reaction mechanism.





4. Discussion


The gasification of Subcoal™ PAF in the TGA occurs according to consecutive steps, namely dehydration, devolatilisation, and char decomposition. In the first step, moisture was removed from a sample at a temperature between 150 to 250 °C. However, in this step, the sample mass insignificantly changed as a function of time. The second step consisted of two stages in which the volatile organic compounds decomposed into condensable and non-condensable gases. This process causes a sudden reduction in a sample mass in a temperature range from 250 to 650 °C [3]. In the final step, a small change in the conversion of biomass was observed due to the decomposition of char into non-condensable gases. The final step occurred from 600 °C to 750 °C. However, as the temperature was below 600 °C, the calcination of dolomite yielded active species such as CaO and MgO, as shown in the reactions (Equations (15) and (16)).



The CO2 gasification in the presence of dolomite showed lower Tm peaks than olivine. The findings indicate that 15 wt.% of dolomite accelerates the reactions by lowering the Tm of Subcoal™ PAF decomposition. The abnormality of DTG peaks in the second stage can be attributed to the presence of O2 and interactions of the catalyst [41]. However, the DTG analysis with olivine is quite organised and sharpened compared to the dolomite case [42].



Olivine and dolomite catalysts have a significant and measurable impact on the conversion rate when compared with the heating rate impact [22]. The presence of a catalyst reduced the induction time of the thermal decomposition. It also shifted the conversion curve to a lower temperature as the catalyst concentration increased, indicating a shorter decomposition reaction time. TGA plots of conversion degree were divided into two main degradation regions: 0.2 to 0.45, and then from 0.45 to 0.8. This can be explained by the successive reactions of decomposition.



The accurate estimation of the kinetic parameters of the heterogeneous and non-isothermal reaction is a substantial step in a design of a biomass gasifier. In this work, the model-fitting CR method was used to estimate the    E a    and A of the CO2 gasification process in the presence of olivine and dolomite as catalysts. The method models (G1–G19) were tested to obtain the most fitted graph. In the presence of dolomite or olivine, the    E a    was significantly reduced with the increase in the catalyst loading [43]. However, dolomite had a better kinetic performance in comparison with olivine. The degradation process is a chemical reaction-controlled in the first step (reaction extent less than 0.2). In the second and third steps of degradation, when the reaction extent is between 0.2 and 0.8, the process is controlled by three-dimensional diffusion and chemical reaction. Finally, at a reaction extent greater than 0.8, the decomposition is solely controlled by the three-dimensional diffusion mechanism [44]. This reveals that the reaction mechanism of Subcoal™ PAF gasification in the fixed bed is complex and occurs in a multistage thermal decomposition. The higher the complexity of the dehydration mechanism, the greater the variation of    E a    [45]. In the DTG analysis, the degradation rate in wt.%/min was plotted against the temperature. Four peaks appeared in the graph showing the amount of degradation that occurred at a specific temperature. Thermal gasification reaction with the catalyst was evaluated according to DTG and Tm values. The results showed two small peaks corresponding to degradation in the first and fourth stages, respectively, as well as two large peaks of the stages in the devolatilisation stage [46]. The Tm peaks overlapped, and the irregularity of the peak shape indicated the occurrence of simultaneous gasification reactions. Additionally, the presence of oxygen in the reaction mixture led to several oxidation reactions that impact the evaluation of DTG. Dolomite has a better degradation performance at constant catalyst concentration than olivine. For model G14, the    E a    reduced by 62 kJ/mol as the dolomite concentration increased from 0 to 15 wt.%, while only a 25.6 kJ/mol reduction was obtained by olivine. The lower the    E a   , the lower the gasification temperature. For both catalysts, the    E a    decreased as the loading of the catalyst increased. The higher the loading of catalysts, the lower the Tm peak obtained [47]. Dolomite causes a higher reduction in Tm value and better DTG outcomes compared with olivine. The fitting of curves showed that models G14 and G15 provided relatively high correlation coefficient R2 for both catalysts. The mechanism of the catalytic gasification accordingly varied between second- to third-order chemical reactions. Dolomite enhances tar cracking by promoting the water–gas reaction [48]. The tar elimination in the presence of dolomite can attain 100%, as demonstrated by Simell et al. [17]. Syngas products and an active carbon deposit are formed when a benzene ring is incorporated on the active sites of CaO. The active carbon deposit undergoes a reaction with steam or ends with coke formation on CaO. MgO breaks the H2 bonding in water, forming OH, which is absorbed on the active sites of MgO. The OH group then combines with the remaining active carbon to form formate. A spill over of OH takes place, leading to decomposition of formate to syngas and the removal of coke [49,50]. Kim et al. [51] carried out a kinetic study on the     CO  2    gasification of Chinese low-rank lignite coal and found that the dolomite minimises the    E a    and reaction time of biomass gasification.



Dolomite calcination includes the formation of MgO and CaO by thermal cracking [20]. The following chemical reactions describe the calcination of dolomite over two ranges of temperatures [52]:


  M g C a   ( C  O 3  )  2  ↔ C a   C  O 3    M g O + C  O 2                            ( T > 600   ℃ )  



(15)






  C a   C  O 3    M g O ↔ C a O · M g O + C  O 2                                    ( T > 900   ℃ )  



(16)







As can be seen in the reactions, the equilibria of calcination are sensitive to CO2 gas release. It is preferred that the partial pressure of CO2 stays under the equilibrium pressure to avoid catalyst deactivation [53]. Besides the process pressure, temperature plays a crucial role in controlling the calcination and carbonation reactions [54]. Other factors that influence the calcination process include heating rate, the quantity of the catalyst, and particle size [55]. The purpose of dolomite calcination is to increase the size of the catalyst pores, which is then responsible for mass transfer enhancement. The time and temperature of calcination increase the surface area of the catalyst, hence the catalysis activity increases [56].



It has been revealed that olivine increases the yield of syngas and tar conversion and reduces the production of CH4 and CO2 [12,57]. The gasification in the CO2 atmosphere causes the oxidation of olivine in the combustion zone, producing binary iron oxide hematite (Fe2O3), SiO2, and iron-depleted olivine. The formed Fe2O3 is subsequently reduced by the organic compounds in biomass to FeO, CO, and H2. In gasification with the synthesis of olivine (Mg0.5 Fe0.5)2 SiO4, about 10% of iron content in olivine is oxidised at 300 s according to thermogravimetric analysis [58]. Moreover, olivine is capable of accommodating excess oxygen from a gasifying agent, as shown in the reaction below:


      M g ,   F e    2    S i  O 4  +  δ 2     O 2    →       M g ,   F e    2    S i  O  4 + δ      



(17)







The gained oxygen in olivine is used to partially oxidise methane in the gasification zone when the partial pressure of O2 is low [58]:


      M g , F e    2     S i  O  4 + δ     +   δ   C  H 4    →       M g ,  F e    2    S i  O 4    +   δ   C O   +   2  H 2     



(18)







In the CO2 biomass gasification, olivine undergoes a cycle of oxidation and reduction to produce the active iron and then to regenerate the catalyst. The oxidation of iron in olivine takes place during the calcination at a temperature of 400–1400 °C in two steps. The purpose of olivine oxidation is to produce the Fe2O3, wch promotes the tar removal reactions [59].



The crystallinity and mineral content in the Subcoal™ sample and ash may contribute to the catalysis process of CO2 gasification. The XRF analysis showed that the Subcoal™ ash contained 38 and 18.3 wt.% CaO and Al2O3, respectively, which is considered as an effective catalyst of char decomposition reactions [30,60]. The crystallinity of ash and biomass minerals also plays an important role in catalytic activity. Furthermore, there is a positive correlation between the crystallinity of biomass and decomposition temperature and activation energy [61].



The gasification of MSW, specifically Subcoal™, vitally contributes to the Qatar National Vision 2030 through reducing the MSW landfill and generating renewable power. The availability of naturally occurring minerals in Qatar improves the potential of using Subcoal™ gasification as an alternative to natural gas power plants. Mineral catalysts such as dolomite enhance the gasification efficiency and producer gas quality.




5. Conclusions


	
Mineral catalysts can play a vital role in reducing tar formation, operating cost, gasifier size, and improving the producer gas quality and quantity. Herein, the influence of different loadings of olivine and dolomite on the CO2 gasification of Subcoal™ PAF was examined using TGA.



	
The XRD results showed that the crystallinity proportion in Subcoal™ powder and ash was 42% and 37.67%, respectively. The primary crystalline compound in the ash was calcium chloride, which may pose a catalytic effect on the gasification reactions.



	
The reaction kinetics and mechanism were evaluated using the CR method at the tested loadings of olivine and dolomite. The findings showed that the decomposition time and temperature decreased as the loading of olivine or dolomite increased from 0 to 15 wt.%.



	
For the gasification without a catalyst, G14 was the most appropriate model with the highest R2 value.



	
Dolomite exhibited a better performance in terms of reaction time and mean reaction temperature. Regarding the kinetic evaluation, the probable mechanism model for the gasification reaction at 15 wt.% was G14, which represents the third-order chemical reaction for dolomite. Second-order chemical reaction (G15) showed the highest linearity at 15 wt.% of olivine. The    E a    dropped as the loading of the catalyst increased over the ranges tested herein. At 15 wt.% loading, the    E a    was 41.1 and 77.5 kJ/mol for dolomite and olivine, respectively.



	
Naturally-occurring dolomite is an excellent candidate for promoting large-scale Subcoal™ gasification in Qatar. Gasification of non-recyclable paper and plastic catalysed by dolomite is a sustainable alternative option to mitigate the consequences of global warming and waste landfill in accordance with Qatar National Vision 2030.



	
CO2 as a gasifying agent offers unique features over air or steam to ensure better gasification performance and syngas composition. This work addressed an important aspect of the Subcoal™ gasification catalysis and kinetic parameters. However, further research efforts are required to achieve a full understanding of Subcoal™ gasification.
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Nomenclature




	    m t    
	Instantaneous mass of sample, (mg)
	t
	Time, (s)



	    E a    
	Activation energy, (kJ/mol)
	G(x)
	Reaction mechanism model



	A
	Pre-exponential constant, (min−1)
	R
	Gas constant, (kJ/mol. K)



	    m o    
	Sample mass at the beginning, (mg)
	x
	Conversion



	    m f    
	Final mass loss of sample, (mg)
	k
	Rate constant



	T
	Temperature, (°C)
	    T m    
	Mean temperature, (°C)



	    R 2    
	Correlation coefficient
	   T ¯   
	Absolute temperature, (K)
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Figure 1. XRD analysis of the Subcoal™ powder: (a) peak height, and (b) peak area. The red line has been added to calculate the area under the curve. 
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Figure 2. XRD analysis of the Subcoal™ ash: (a) peak height, and (b) peak area. The red line has been added to calculate the area under the curve. 
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Figure 3. Effect of dolomite loading on the CO2 gasification: (a) conversion degree, and (b) DTG curves. 
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Figure 4. Effect of olivine loadings on the CO2 gasification: (a) conversion degree, and (b) DTG curves. 
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Figure 5. The CR method plots for CO2 gasification at different dolomite loadings: (a) 0 wt.%, (b) 5 wt.%, (c) 10 wt.%, and (d) 15 wt.%. 
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Figure 6.    E a    from the most fitting reaction models of CO2 gasification at different dolomite loadings. 
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Figure 7. The CR method plots for CO2 gasification at different olivine loadings: (a) 0 wt.%, (b) 5 wt.%, (c) 10 wt.%, and (d) 15 wt.%. 
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Figure 8.    E a    from the most fitting reaction models of CO2 gasification at different olivine loadings. 
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Table 1. XRF analysis of the major minerals in Subcoal™ ash.
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	Elements
	Al2O3
	CaO
	Fe2O3
	K2O
	SiO2





	wt.%
	18.3
	38
	2.7
	0.1
	22.7
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Table 2. Chemical composition of dolomite and olivine (wt.%).
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	Specie
	Dolomite
	Olivine





	Fe2O3
	2.23
	6.9



	SiO2
	2.4
	41.7



	CaO
	30.57
	0.06



	MgO
	18.15
	49.2



	Al2O3
	0.71
	0.45



	Na2O
	0.05
	-



	K2O
	0.158
	-



	Zn
	0.002
	-



	C
	14.64
	-



	S
	0.005
	-



	NiO
	-
	0.31



	Cr2O3
	-
	0.3
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Table 3. Typical mechanisms for the solid–gas reaction,(LN: 5235900730034) [38].
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	Symbol
	Reaction Mechanism
	f(x)
	G(x)





	G1
	One-dimensional diffusion, 1D
	1/2x
	x2



	G2
	Two-dimensional diffusion (Valensi)
	[−ln(1 − x)]−1
	x + (1 − x)ln(1 − x)



	G3
	Three-dimensional diffusion (Jander)
	1.5(1 − x)2/3[1 − (1 − x)1/3]−1
	[1 − (1 − x)1/3]2



	G4
	Three-dimensional diffusion (G–B)
	1.5[1 − (1 − x)1/3]−1
	1 − 2x/3 − (1 − x)2/3



	G5
	Three-dimensional diffusion (A–J)
	1.5(1 + x)2/3[(1 + x)1/3 − 1]−1
	[(1 + x)1/3 − 1]2



	G6
	Nucleation and growth (n = 2/3)
	1.5(1 − x)[−ln(1 − x)]1/3
	[−ln(1 − x)]2/3



	G7
	Nucleation and growth (n = 1/2)
	2(1 − x)[−ln(1 − x)]1/2
	[−ln(1 − x)]1/2



	G8
	Nucleation and growth (n = 1/3)
	3(1 − x)[−ln(1 − x)]2/3
	[−ln(1 − x)]1/3



	G9
	Nucleation and growth (n = 1/4)
	4(1 − x)[−ln(1 − x)]1/3
	[−ln(1 − x)]1/4



	G10
	Autocatalytic reaction
	x(1 − x)
	ln[x/(1 − x)]



	G11
	Mampel power law (n = 1/2)
	2x1/2
	x1/2



	G12
	Mampel power law (n = 1/3)
	3x2/3
	x1/3



	G13
	Mampel power law (n = 1/4)
	4x3/4
	x1/4



	G14
	Chemical reaction (n = 3)
	(1 − x)3
	[(1 − x)−2 − 1]/2



	G15
	Chemical reaction (n = 2)
	(1 − x)2
	(1 − x)−1 − 1



	G16
	Chemical reaction (n = 1)
	1 − x
	−ln(1 − x)



	G17
	Chemical reaction (n = 0)
	1
	x



	G18
	Contraction sphere
	3(1 − x)2/3
	1 − (1 − x)1/3



	G19
	Contraction cylinder
	2(1 − x)1/2
	1 − (1 − x)1/2







Note: A–J: Anti–Jander; G–B: Ginstling–Brounshtein.
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Table 4. DTG and values of Tm of CO2 gasification of Subcoal™ PAF with different loadings of the catalyst.
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wt.% of Catalyst

	
Dolomite

	
Olivine




	
Tm (°C)

	
DTG (wt.%/min)

	
Tm (°C)

	
DTG (wt.%/min)






	
0

	
489.3

	
−0.0322

	
489.3

	
−0.0322




	
5

	
482.3

	
−0.0273

	
488.4

	
−0.0315




	
10

	
479.8

	
−0.0272

	
485.5

	
−0.0292




	
15

	
477.2

	
−0.027

	
483.8

	
−0.0285
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Table 5. Kinetic parameters obtained by CR for the CO2 gasification of Subcoal™ PAF at different dolomite loadings.
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0 wt.%

	
5 wt.%

	
10 wt.%

	
15 wt.%




	
Model

	
     E a     

	
   A   

	
     R 2     

	
     E a     

	
   A   

	
     R 2     

	
     E a     

	
   A   

	
     R 2     

	
     E a     

	
   A   

	
     R 2     






	
G1

	
83.6

	
1.3 × 104

	
0.896

	
46.9

	
290

	
0.883

	
43.4

	
110

	
0.862

	
41.7

	
72

	
0.899




	
G2

	
93.3

	
5.7 × 104

	
0.918

	
52.2

	
520

	
0.891

	
48.2

	
180

	
0.829

	
46.1

	
110

	
0.858




	
G6

	
112.9

	
6.9 × 106

	
0.955

	
63.9

	
5.5 × 103

	
0.911

	
58.6

	
1.4 × 103

	
0.852

	
55.5

	
660

	
0.874




	
G7

	
59.2

	
290

	
0.943

	
26.9

	
6.4

	
0.883

	
24.2

	
2.98

	
0.798

	
22.6

	
1.98

	
0.888




	
G8

	
56.2

	
190

	
0.943

	
26.9

	
4.3

	
0.882

	
24.2

	
2.0

	
0.798

	
22.6

	
1.32

	
0.898




	
G9

	
43.3

	
140

	
0.943

	
27.9

	
3.2

	
0.881

	
25.2

	
1.5

	
0.798

	
23.6

	
0.99

	
0.928




	
G11

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
15.4

	
0.28

	
0.911




	
G12

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
13.5

	
0.16

	
0.871




	
G13

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
13.5

	
0.12

	
0.861




	
G14

	
103.1

	
2.9 × 107

	
0.992

	
50.1

	
3.4 × 103

	
0.941

	
44.8

	
890

	
0.890

	
41.1

	
270

	
0.982




	
G15

	
74.2

	
8.1 × 104

	
0.980

	
37.6

	
180

	
0.923

	
33.7

	
64

	
0.855

	
31.2

	
35

	
0.949




	
G16

	
62.2

	
570

	
0.943

	
26.9

	
13

	
0.881

	
24.2

	
5.9

	
0.798

	
22.6

	
3.96

	
0.928
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Table 6. Kinetic parameters obtained by CR for CO2 gasification of Subcoal™ PAF at different olivine loadings.






Table 6. Kinetic parameters obtained by CR for CO2 gasification of Subcoal™ PAF at different olivine loadings.





	
0 wt.%

	
5 wt.%

	
10 wt.%

	
15 wt.%




	
Model

	
     E a     

	
   A   

	
     R 2     

	
     E a     

	
   A   

	
     R 2     

	
     E a     

	
   A   

	
     R 2     

	
     E a     

	
   A   

	
     R 2     






	
G1

	
83.9

	
1.3 × 104

	
0.896

	
54.9

	
2.1 × 103

	
0.904

	
54.8

	
2.0 × 103

	
0.926

	
52.9

	
2.7 × 103

	
0.949




	
G2

	
93.3

	
5.7 × 104

	
0.918

	
63.4

	
7.3 × 103

	
0.927

	
62.9

	
6.4 × 103

	
0.945

	
61.4

	
9.3 × 103

	
0.965




	
G6

	
112.9

	
6.9 × 106

	
0.955

	
84.3

	
5.4 × 105

	
0.963

	
83.2

	
4.1 × 105

	
0.975

	
82.6

	
6.8 × 105

	
0.986




	
G7

	
59.2

	
290

	
0.943

	
36.9

	
72

	
0.950

	
36.3

	
62

	
0.965

	
35.9

	
82

	
0.981




	
G8

	
56.2

	
190

	
0.943

	
38.9

	
48

	
0.950

	
37.3

	
41

	
0.965

	
36.9

	
54

	
0.981




	
G9

	
43.3

	
140

	
0.943

	
37.9

	
36

	
0.950

	
36.4

	
31

	
0.965

	
35.9

	
41

	
0.981




	
G11

	
-

	
-

	
-

	
-

	
-

	
-

	
23.0

	
1.8

	
0.886

	
22.0

	
2.2

	
0.921




	
G12

	
-

	
-

	
-

	
-

	
-

	
-

	
23.9

	
1.2

	
0.886

	
21.0

	
1.5

	
0.921




	
G13

	
-

	
-

	
-

	
-

	
-

	
-

	
21.9

	
0.91

	
0.886

	
21.0

	
1.1

	
0.921




	
G14

	
103.1

	
2.9 × 107

	
0.992

	
80.9

	
2.6 × 106

	
0.993

	
80.1

	
1.5 × 106

	
0.990

	
77.5

	
2.7 × 106

	
0.977




	
G15

	
74.2

	
8.1 × 104

	
0.980

	
56.4

	
1.3 × 104

	
0.984

	
56.1

	
9.4 × 103

	
0.989

	
55.6

	
1.4 × 104

	
0.992




	
G16

	
62.2

	
570

	
0.943

	
36.9

	
140

	
0.950

	
36.3

	
120

	
0.965

	
35.2

	
160

	
0.981




	
G17

	
-

	
-

	
-

	
-

	
-

	
-

	
23.0

	
3.7

	
0.886

	
22.0

	
4.4

	
0.921

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
CaCl

18°0¢l

V.Gl

300 -

250

o
o
N
A.D.

e) Alusuaju|

~
«c
~

90

80

70

60

50

40

30

20

20 (degrees)

CaCl|

8Y'8¢

o hibi

Y

Imh]mLM_ulm Ll Lhuti hm. L

300 -

250

(‘n-e) Alisuayu|

S

30 40 50 60 70 80 90 100

20

20 (degrees)





media/file21.jpg
120

T 0%
_ 80
T\é 5%
=
E u10%
5 15%
0

Gl G2 Ge6 G7 G8 G9 Gl4 GI5 Glé
Reaction models






media/file13.png
(a)

Ln(G(X)/T2)
o

-
N

-18

0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018

—Gl —QG2 G6 —G7 —G8

—GY9 —Gl4 —G15 ——(Gl6

—

\\

1/T, K1






media/file12.jpg
—d —a —® —@ —a

—o —au —as —an

®

oo

s

—a  —a
i —
=P —

ooy
&

n

s
e
—a] —¢ o J=

@

£

ommz omn omu oons oo 0w
K






media/file3.jpg
CaCl

20(degrees)

caci

i
r——

e

svee

g 8 g8 8 8
() ysuano

@

=0

g8 8 8 %

() dysuan

(®)

W

20(degrees)





media/file18.jpg
(d)

Ln(G(X)/T2)

Gl G2 G6 G7 G8
G9 G G2 —GI3 —Gl4
—GI5 —Gl6 —G17
-
-12 §
18
00012 00013 00014 00015 00016 00017 00018

VT, K





media/file22.png
Ea (kJ/mol)

120

100

80

60

40

20

G1

G2

G6

G7 G8 G9 Gl14 G1b5

Reaction models

G16

0%

W 5%

m 10%

w15%






media/file10.png
1.2

1 -
<
o 0.8 -
S
&
T 06 -
=
(a) 5 e ) Wt. %
04 4 e 5 W . Y0
09 4 10 wt.%
e 15 Wt.%
O 1 1 1 1 1 1
0 400 800 1200 1600 2000 2400 2800
Time (s)
O h_w
-0.01
€
=
~
X
s 0.02
= e () WT. %
(b) O ’
=
o ——5wt.%
-0.03 10 wt.%
15 Wt.%
-0.04

0 100 200 300 400 500 600 700 800 900
Temperature, °C





media/file19.png
(a)

(b)

(c)

0
—Gl —G2 G6 ——G7 —G8
—_—GY9 —Gl4 —G15 ——(l16
—~ -6
(]
=
3
S
(=
—-12 \
-18
0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018
1/T, K1
0
—Gl —QG2 G6 —G7 —G8
—_—GY —Gl4 —G15 ——(Gl16
—~ -6
(]
=
3
S
(=
- -12 x
-18
0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018
1/T, K1
0
—_—Gl —QG2 G6 —G7 —G8
e (59 —_—Gll] —Gl12 ——Gl13 —Gl4
—_—Gl5 —Gl6 —G17
~
&
<
S
(=
-
-12
\
-18

0.0012  0.0013  0.0014 0.0015 0.0016  0.0017  0.0018
1/T, K1





media/file14.png
(b)

(c)

(d)

Ln(G(X)/T2)
o

-
N

-18

—Gl —QG2

—GY9 —Gl4 —Gl5 ——(Gl16

G6 ——G7 —G8

%

0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018

Ln(G(X)/T2)

-
N

-18

1/T, K1
— Gl —G2 G6
—G7 —G8 —G9
—G14 —Gl15 —Gl6

%

0.0012  0.0013  0.0014 0.0015 0.0016  0.0017

Ln(G(X)/T2)
o

-
N

-18

1/T, K1
— Gl — G2 G6 —G7
—G8 —(G9 —Gll —Gl12
—_—Gl3 ——Gl4 ——G15 ——GIl6

%

%

0.0012 0.0013 0.0014 0.0015 0.0016 0.0017

1/T, K1





media/file11.jpg
(@

0
Gl G2 G6 G7 G8
—G9 —Gl4 —G15 —Gl16

- -6
:
g
%
)
=

-18

0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018
VT, K?





media/file15.jpg
120

100

0%

_ %
"é 5%

i 60
a, 10%
2 u1s%

o

Gl G G6 G7 G8 GY Gl GI5 Gl6
Reaction models






nav.xhtml


  ChemEngineering-06-00022


  
    		
      ChemEngineering-06-00022
    


  




  





media/file6.jpg
001

002
(b)

DTG (wt%/min)

003

-0.04

0

100 200 300 400 500 600 700 800 900
Temperature, °C





media/file16.png
120

100

80

Ea (kJ/mol)

Gl G2 G6 G7 G8 GY9 G4 G15 Gl6

Reaction models

m 0%

W 5%

w 10%

w 15%






media/file2.png
(a)

(b)

Intensity (a.u.)

Intensity (a.u.)

300 -

250 ~

72.20

200 -

150

100

50

30.19

55.12

12.47

7.34

—— BaCaSi

300

250 4

200 H

150

100

50 H

26.94

30

29.52

40

38.88

50 60
20 (degrees)

64.72

70

80

—— BaCaSi

Jid Mﬂuaﬂmmumﬂ i Ll ey il

30

40

50 60
20 (degrees)

70

80





media/file20.png
0
—G] —G2 G —G7 —G8
—GY —G]] —G]12 —G13 ——G14
—((5]5 —Gl6 ——G17
g 6
&
Y
(d) 5
-12 §
-18

0.0012  0.0013 0.0014 0.0015 0.0016  0.0017  0.0018
1/T, K1





media/file5.jpg
@)

Conversion X
o

—O0wt%
—5wt%
——10wt.%
—15wt%

0 400 800 1200 1600 2000 2400
Time (s)

2800





media/file7.png
(a)

Conversion X

1.2

0.8

0.6

0.4

0.2

e () W %

5 Wt.%
10 wt.%

15 Wt. %

400

800

1200 1600

Time (s)

2000 2400 2800





media/file1.jpg
g 8 8
(ne) fusuon

@

20 degrees)

g 8 8
(o) v
o)

20 (degrees)





media/file9.jpg
Conversion X

@

0 40 800 1200 160 2000 2400 2800
Time (5)

001

(b)

DTG (wt%/min)
&

003

004

0 100 200 300 400 500 600 700 800 900
Temperature, °C





media/file0.png





media/file8.png
(b)

DTG (wt%/min)

-0.01

-0.02

-0.03

-0.04

r’#

0 wt.%

5 Wt.%
10 wt.%

w15 W%

100 200 300 400 500 600 700 800 900
Temperature, °C





media/file17.jpg
Loy

®

Lo

@

' =

—o —au —ais —ae

omn oo oo w7 omis

w2 omn omi omns omis omr omis

K
—® —on —an —an —an

—ais a6 —air






