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Abstract

:

High reactivity coke is beneficial for achieving low carbon emission blast furnace ironmaking. Therefore, the preparation of highly reactive ferro-coke has aroused widespread attention. However, the effects of the particle size of iron ore on the pyrolysis behaviour of a coal-iron ore briquette are still unclear. In this study, the effect of three particle sizes (0.50–1.00 mm, 0.25–0.50 mm and <0.74 mm) of iron ore on the thermal and kinetic behaviours of coal-iron ore briquettes were investigated by non-isothermal kinetic analysis. The results showed that the synergistic effect of iron ore and coal during coking mainly occurred during the later reaction stage (850–1100 °C) and smaller particle sizes of iron ore have a stronger synergistic effect. The addition of iron ore had little effect on T0 (the initial temperature) and Tp (the temperature at the maximum conversion rate) of briquette pyrolysis, however itgreatly affected the conversion rate and Tf (the final temperature) of the briquettes. T0 decreased with the decrease of iron ore particle sizes, while Tp and Tf showed opposite trends. After adding iron ore into the coal briquette, the reaction kinetics at all stages of the coal-iron ore briquettes changed. The weighted apparent activation energy of the caking coal (JM) briquette was 35.532 kJ/mol, which is lower than that of the coal-iron ore briquettes (38.703–55.627 kJ/mol). In addition, the weighted apparent activation energy gradually increased with decreasing iron ore particle sizes.
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1. Introduction


Resource shortages and environmental problems are mutual challenges for the iron and steel industry all over the world. Promoting green growth is a common choice of the major economies in the world, and the efficiency of resources and energy utilization has also become an important factor to measure the competitiveness of the national manufacturing industry [1]. China is now the largest iron and steel producer and consumer in the world, accounting for nearly 50% of global steel output [2]. The iron and steel industry released 1.94 billion tons of CO2, accounting for 16.7% of China’s total CO2 emissions [3]. At present, many ways of ironmaking are occupied in the world, and the blast furnace ironmaking accounts for almost 70% of the world’s pig iron production [4]. In 2016, the total energy consumption of blast furnace ironmaking gained 1.11% compared to2015 and reached 73.5% of the total energy consumption of the iron and steel enterprises in China [5]; blast furnace ironmaking is the main energy consumption and emission process in the iron and steel industry [6,7,8]. Therefore, reducing blast furnace energy consumption has always been the focus of energy saving and emission reduction in the iron and steel industry [9].



To meet the demand for energy saving and emission reduction during the blast furnace ironmaking process, fundamental studies regarding the reactions in the blast furnace have emerged. Previous studies [10,11,12] have shown that for every 10 °C decrement in the thermal reserve zone (TRZ), the heat taken away by high-temperature gas decreased by approximately 23,036.8 kJ/ton of hot metal (tHM), and carbon combustion at the tuyere decreased by approximately 2.35 kg/tHM. Naito M [10] and H. Konishi et al. [13] have found that the use of highly reactive coke can reduce the temperature of the TRZ and increase the difference between the actual concentration and the equilibrium concentration of CO in the gas. These findings suggest that highly reactive coke not only decreased the fuel ratio, but also increased the driving force of the reduction reaction of the iron oxide, which is beneficial for an increase in the blast furnace output.



It was reported that the reactivity of coke can be increased by adding minerals with a catalytic effect [14,15]. At present, researchers generally believe that the minerals that can improve coke reactivity mainly include transition metals [16,17], alkali earth metals [18,19], and alkali metals [20,21,22]. However, alkali earth metal and alkali metal minerals have been studied quite thoroughly as catalysts, and these two kinds of minerals could destroy the lining of a blast furnace and aggravate the degradation of coke during the process of blast furnace production [23,24,25,26]. Therefore, ferro-coke was developed and iron, as the target product of blast furnace production, did not cause many adverse effects when iron ore was added to the coke [26]. Some authors, for examples Kasai et al. [9], Salahuddin et al. [27], and Murakami et al. [28], have confirmedthat the reactivity of ferro-coke is obviously higher than that of traditional coke after adding iron minerals.



The addition of iron ore has a significant influence on the properties of ferro-coke, therefore it is necessary to consider the interaction behaviours of coal and iron ore during the coking process. Previous studies reported the influence of iron ore types on the pyrolysis of blended coal and coal-iron ore briquettes, however theydid not take the effect of particle size into consideration [29,30]. Li Jinlian [31] reported the effect of the particle size of coal on the reduction and distributions of iron ore in the ferro-coke. However, the particle size of iron ore and the pyrolysis-reduction coupling kinetics of coal-iron ore briquettes were not taken into consideration. In previous studies [32,33,34,35,36], the blended coal asreductant was commonly less than 38% and the studies mainly focused on the percentage metallization of the iron ore and the strength of the briquettes. These kinds of studies can provide limited information for the manufacture optimization of ferro-coke. The properties of ferro-coke, such as gas generation, volume change, distributions of iron ore, and strength of ferro-coke, are mainly related to the pyrolysis behaviour of coal-iron ore briquettes. Hence, to determine an appropriate fabrication process of ferro-coke, the effect of the particle size of iron ore on the pyrolysis behaviour of caking coal during coking must be considered. These results can provide information regarding optimization of the manufacturing of ferro-coke.



The thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses have been widely applied in kinetic behaviour analysis [37,38,39,40]. In this paper, the pyrolysis of coal or coal-iron ore briquettes were investigated experimentally using three particle sizes of iron ore by means of TG and DTG analyses. The effects of the different particle sizes of iron ore on the thermodynamic and kinetic behaviour of coal-iron ore briquettes, such as the rate-determining step and apparent activation energy, were revealed. The kinetic parameters of pyrolysis were calculated by a non-isothermal kinetic model. Additionally, the effects of different particle sizes on the mass loss were studied to evaluate the extent of the effect of iron ore on the coal-iron briquettes during coking.




2. Experimental


2.1. Raw Materials


One kind of caking coal (JM) and iron ore (EX) were selected from the BaoWuSteel Group Co., Ltd. (Wuhan branch, China). The proximate analysis of the caking coal was carried based on the Chinese standard GB/T212-2008. The ultimate analysis (content of C, H, O, N and S) in the caking coal was conducted based on the Chinese standards GB/T214-2007 and GB/T476-2008. These results are listed in Table 1. The chemical composition of coal ash was detected using an X-ray fluorescence method, and the results are shown in Table 2. The ash of the caking coal was made by air oxidation at 1088 K in a muffle furnace based on the Chinese standard GB/T 212-2008. The chemical composition and loss on ignition (LOI) of the iron ore sample was analysed and is presented in Table 3.




2.2. Briquette Preparation


The coal and iron ore were both crushed using a laboratory roll crusher. Through sieving, the iron ore was separated into three size fractions (0.50–1.00 mm, 0.25–0.50 mm, and <0.074 mm), namely, EX1, EX2, and EX3, respectively. The coal powder particle sizes that were below 1 mm were used for further experiments, namely, JM. The full details of thecoal-iron ore briquette preparation are given elsewhere [30] and only a summary is given here. Stoichiometrically, for 100 mg of briquettes, the wt % of the iron ore and coal was taken as 30% and 70%, respectively. A press machine was equipped to obtain the briquettes, which had a diameter of 6 mm and a height of 3 mm. The briquettes that contained EX1, EX2, and EX3 were named JE1, JE2, and JE3, respectively.




2.3. Pyrolysis Test


The pyrolysis experiments were performed in a thermal analyser (HCT-3, Henven Scientific Instrument Factory, Beijing, China), as shown in Figure 1. The apparatus mainly consisted of a vertical tube furnace which was equipped with an automatic balance with a detection precision of 1 μg. The balance, temperature, and gas flow controller were controlled by a computer. The experimental data can be collected and stored automatically by a customized software. About 100 mg of the prepared briquette was placed in an alumina crucible (φ8 mm × 1.5 mm) with a flow of 60 mL/min Ar. The research regarding the pyrolysis of the briquette was implemented by a non-isothermal method. The samples were heated at a heating rate of 20 °C from room temperature to 1100 °C. The mass loss and reaction rate of the samples can be represented as a function of temperature. According to the experimental data, the mass loss, conversion, and conversion rate can be expressed by the following equations:


  Mass   loss =    m 0  −  m t     m 0     



(1)






  Conversion   X =    m 0  −  m t     m 0  −  m f     



(2)






  Conversion   rate = −  1   m 0    ×   d m   d t    



(3)




where    m 0    is the initial mass of the sample at time t0, mg;    m t    is the mass of the sample at time t, mg; and    m f    is the residual mass of the sample at the end of the reaction, mg.




2.4. X-ray Diffraction


The X-ray Diffraction (XRD) patterns were achieved by using a TTRIII type multipurpose X-ray diffractometer that was made in Japan. The samples in this study were crushed into a fine powder with particle sizes less than 0.074 mm. Then, the powders were packed into a holder. The copper Kα radiation (30 kV, 30 mA, wavelength 0.1541 nm) was used as the X-ray source, and the scanned angular range varied from 10° to 90° with a scanning speed of 0.2°/s.





3. Results and Discussion


3.1. Characterization of the Raw Materials


In Table 1 and Table 2, the coal that was used in this study has are latively low ash content (9.73%) and a very low sulphur content (0.02%). The main composition of coal ash is SiO2 (52.62%) and Al2O3 (33.43%). As shown in Table 3, the chemical composition of iron ore is dominated by Fe2O3, SiO2, and Al2O3. The iron ore has a small amount of MgO, CaO, and FeO. The XRD analysis of iron ores is shown in Figure 2, and the main minerals in EX are haematite (Fe2O3) and quartz (SiO2). EX is oolitic haematite iron ore. Previous research [36,41] revealed that haematite together with gangue minerals, built the concentric shell of oolites and were intimately intergrown. The different particle sizes of EX iron ore may have a different effect on the pyrolysis reaction of the coal-iron ore briquettes and, thus, can affect the thermodynamic and kinetic behaviour of the briquettes.




3.2. Thermal Behaviour of an Iron Ore Briquette and a Coal Briquette


The mass loss curves of different sizes of EX show similar profiles (Figure 3a), indicating that the mass loss of these three particle sizes of iron ores changes slowly with increasing temperature due to moisture release and mineral decomposition. Additionally, larger particle size of EX exhibits a higher mass loss, which may be because the larger particles contain a higher moisture content. The maximum mass losses of EX1, EX2, and EX3 are 4.11%, 2.11%, and 2.50%, respectively.



The pyrolysis curve of JM can be divided into three stages, which is similar to previous work [42]. From the mass loss curve of coal in Figure 3b, an initial mass loss of 2–3% is observed near 150 °C which is mainly because of the removal of the moisture content of the coal. Above 390 °C, the obvious mass loss indicates that the pyrolysis of coal has started. The period from 390 °C to 570 °C is the active decomposition stage of caking coal, which produces a large number of free radicals through depolymerization and decomposition reactions [43,44]. Therefore, a significant mass loss occurred. The gradual mass loss up to 1100 °C can be explained by the removal of the residual volatile matter in coal [45].




3.3. Effect on the Mass Loss of the Coal-Iron Ore Briquettes


To quantitatively analyse the effect of different particle sizes of iron ore in the coal-iron briquettes during coking, the theoretical mass loss of the briquettes was calculated based on the mean mass loss of iron ore and coal during separate pyrolysis processes. The calculated data was obtained as represented in the following equation:


   x  c a l .   = 30 % ×  x  o r e   + 70 % ×  x  c o a l    



(4)




where    x  c a l .    ,    x  o r e    , and    x  c o a l     are the theoretical mass loss of the coal-iron ore briquettes, the mass of the iron ore briquettes, and the mass loss of the coal briquette, respectively, under an Ar atmosphere.



The interaction index    α T    was applied to evaluate the effect of iron ore in the coal-iron briquettes during the coking process at different temperatures. The interaction index    α T    was calculated from the following equation:


   α T  =    x  T  (  e x p .  )    −  x  T  (  c a l .  )       x  T  (  c a l .  )       



(5)




where    x  T  (  e x p .  )      is the mass loss of coal-iron ore briquettes at temperature T and    x  T  (  c a l .  )      is the theoretical mass loss of coal-iron ore briquettes at temperature T. The interaction indexes    α T    are analysed as shown in Figure 4. A higher    α T    value indicates a stronger synergistic effect of the iron ore and coal during coking. The interaction indexes    α T    of JE1 and JE2 are almost the same before 850 °C and then increase quickly. Notably,    α T    of JE3 decreases dramatically at approximately 400 °C and then increases with temperature. This behaviour may be caused by a strong depolymerization and decomposition reaction. In this period, large quantities of volatile matter (CO, CH4 and CO2) are generated and discharged. However, iron ore, which exists between coal particles, hinders the movement channel of the volatile matter and prolongs its discharge and then weakens the synergistic effect. All the    α T    values of the coal-iron ore briquettes experience significant increases at around 850 °C due to the reduction of iron ore, according to Equations (6)–(11). Considerable H2 gas is generated during the later stage of coking and promotes the reduction of iron ore. Therefore, the synergistic effect of iron ore and coal mainly occurs in the later reaction stage of coking and is much stronger than that in the primary stage. In addition, the promotion effect of the particle size of EX iron ore on the coal reaction during the later stage from high to low is 0.5–1.00 mm, 0.25–0.50 mm, and <0.074 mm, which indicates that the smaller particles of iron ore are more easily reduced during coking.


  3   Fe  2   O 3  +  H 2  = 2   Fe  3   O 4  +  H 2  O ,  



(6)






    Fe  3   O 4  +  H 2  = 3 FeO +  H 2  O ,  



(7)






  FeO +  H 2  = Fe +  H 2  O  



(8)






  3   Fe  2   O 3  + CO = 2   Fe  3   O 4  +   CO  2   



(9)






    Fe  3   O 4  + CO = 3 FeO +   CO  2   



(10)






  FeO + CO = Fe +   CO  2   



(11)








3.4. Effect on the Pyrolysis Characteristics of the Coal-Iron Ore Briquettes


The TG and DTG curves are shown in Figure 5 for the briquettes. Compared with JM, the conversion curves of JE1, JE2, and JE3 gradually move into the high-temperature region. From the DTG curves, the acute decomposition reaction region of coal is reduced due to iron ore addition. Furthermore, the reaction intervals of JE1, JE2, and JE3 sequentially decrease. In the range of 400–600 °C, the conversion rate of JM is higher than that of JE1, JE2, and JE3. However, the deviations between the coal briquette and coal-iron ore briquettes are closing with an increase in the temperature. The conversion rate of JE3 begins to exceed the other briquettes at the later reaction stage (approximately 800 °C) and shows a strong synergistic effect, which is consistent with the discussion in Section 3.3.



According to Figure 5, some characteristic temperatures [42] of pyrolysis can be analysed and are presented in Table 4. The start temperature of briquette pyrolysis T0 is defined as the temperature at  x  = 0.05; Tp is temperature at the maximum conversion rate and the final temperature Tf is at  x  = 0.85. T0 and Tf indicate the difficulty of the progress of the briquette pyrolysis reaction [46,47,48]. Tp is related to the coal structure. Normally, the coals that consist of the same structure have the same Tp. Table 4 shows that the different particle sizes of iron ore have little effect on the T0 and Tp of the briquettes during coking. However, the addition of iron ore in the coal briquette results in Tf increasing by approximately 36–67 °C. The temperature region of intense pyrolysis directly determines the properties of coke, because the generation of metaplast will not be completed in an arrow temperature range [29,48]. From Figure 5, the acute decomposition reaction region of JM is broader than that of JE1, JE2, and JE3.



There is a significant increase in both the conversion and conversion rate at approximately 350 °C for all briquettes. This finding is because the mass loss before 350 °C is caused by the removal of adsorbed water, adsorbed gases, and carboxyl groups, which agrees with previous research [49]. Therefore, according to the analysis of TG and DTG curves, briquette pyrolysis can be divided into three reaction stages from 350 °C to 1100 °C [29].




3.5. Effect on the Kinetics of the Coal-Iron Ore Briquettes


The nomenclature report for symbols in the following equations can be seen in Table 5.



The mass loss rate of the briquettes during coking is a function of the reaction time and temperature and can be presented as:


    d x   d t   = k  ( T )  f  ( x )   



(12)




where     d x   d t     is the weight loss rate, s−1;   k  ( T )    is the rate constant, which is a function of temperature;   f  ( x )    is the differential form of the reaction mechanism function;  t  is the reaction time, s; and  x  is the reaction conversion.



The rate constant   k  ( T )    is calculated by the Arrhenius equation:


  k = A   e x p ( −  E  R T   )  



(13)




where A is the pre-exponential factor; E is the activation energy, kJ/mol; and R is the standard molar gas constant, kJ mol−1 K−1.



During a non-isothermal process, the heating rate β is constant:


  β =   d T   d t    



(14)







The following formula can be obtained from Equations (13) and (14):


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



(15)







Equation (15) can be integrated to give:


  G  ( x )  =   ∫  0 x    d x   f  ( x )    =  A β    ∫  0 T  e x p ( −  E  R T   ) d T  



(16)







Equations (17) and (18) can be obtained by the approximate calculation:


   A β    ∫  0 T  e x p ( −  E  R T   ) d T ≅   A R  T 2    β E    (  1 −   2 R T  E   )  e x p ( −  E  R T   )  



(17)






  1 −   2 R T  E  ≅ 1  



(18)







The following formula can be obtained from Equations (17) and (18):


  In  [    G  ( x )     T 2     ]  = In  (    A R   β E    )  −  E  R T    



(19)







The expression In(AR/βE) in Equation (19) is essentially constant. A straight line may be obtained if the left-hand side of Equation (19) is plotted versus 1/T. From the slope, −E/R, the activation energy E can be determined. The intercept of the curve represents the value of pre-exponential factor A. The mechanism function can also be confirmed by the best fit between the theoretical curve and the experimental curve. The mechanism functions that are commonly used in solid-phase reactions are listed in Table 6 [50,51,52,53,54].



The weighted apparent activation energy [55] is used to evaluate the reactivity of the briquettes and can expressed as Equation (20):


   E x  =  E 1   f 1  +  E 2   f 2  + … +  E n   f n   



(20)




where E1–En is the apparent activation during the different stages and f1–fn is the percentage of the weight loss in the different stages. The weighted apparent activation of all the briquettes can be calculated using this method.



The fitting lines for the pyrolysis reaction of the JM briquette and kinetic parameters are shown in Figure 6 and Table 7, respectively. R2 is the correlation coefficient. The larger the R2 is, the better the correlation of the mechanism function is. The best fitting for both the first and second reaction stage is the F2 model, which indicates that the reaction is suitable for the chemical reaction (n = 2) model, whereas the best fitting for the third reaction stage is the D4 model. The model fitting results show that the early stage of the pyrolysis process is mainly controlled by a chemical reaction and the later stage is mainly controlled by diffusion. The activation energy of the first stage is the highest, mainly because of the decomposition of the polymer compound during 350–550 °C.



The optimal mechanism function for all the coal-iron ore briquettes can be confirmed by the same analytical method above, as shown in Figure 7. The kinetic parameters are presented in Table 8. The three different kinds of coal-iron ore briquettes show the same reaction mechanism control according to the fitting results. The reaction mechanism control for all stages of JE1, JE2, and JE3 is diffusion control. The difference is that the diffusion control of the first and third stages are represented by the D2 model, whereas the second stage is fitted by the D3 model. Compared with the coal briquette, the reaction mechanism of coal-iron ore briquettes has obviously changed. The results indicate that after adding iron ore into the coal briquette, the iron ore particles will obstruct the gas diffusion and change the reaction mechanism from reaction control to diffusion control.



Comparing the activation energies of different samples, as shown in Table 8, at the first and third stages, all the activation energies for the coal-iron ore briquettes are larger than those of the coal briquette. These findings can be explained by two aspects. During the first reaction stage, the iron ore particles in the coal briquettes hinder gas diffusion, which results in an increase in the activation energies and a change in the reaction mechanism. During the third reaction stage, the increasing activation energies are due to the reaction of iron ore, which needs more energy. Furthermore, the activation energies during the first and third stages of JE1, JE2, and JE3 gradually increase. This increase implies that the smaller size of iron ore particles have a greater effect on the pyrolysis reaction of coal briquettes.



According to Equation (20), the weighed apparent activation energies of different briquettes can be obtained, as shown in Figure 8. The weighted activation energy of the coal-iron ore briquettes are approximately 38–55 kJ/mol, which are all larger than that of the JM briquette (35.523 kJ/mol). Previous studies [56,57] have shown that for the same coal, even though external factors (heating rate, gas atmosphere, etc.) change the activation energy at all stages of coal pyrolysis, the total activation energy required for pyrolysis remains constant. However, in this study, the addition of iron ore into the coal briquette not only changed the reaction activation energy of each stage, however it also changed the total activation energy. With a decrease in iron ore particles, the weighted apparent activation energy increases gradually.




3.6. Mechanismofthe Synergistic Effect betweenIron Ore and Coal during Coking


The whole pyrolysis reaction consists of several complex reactions, therefore, the synergistic effect between iron ore and coal was analysed particularly on two main stages, namely, the primary pyrolysis stage and secondary pyrolysis. The conceptual diagram of the synergistic effect between iron ore and coal during coking is illustrated in Figure 9. The iron ore particles are evenly distributed around the coal particles, as shown in Figure 9a. The decomposition and depolymerization reactions mainly occur during the primary stage of pyrolysis. A large number of volatile compounds including the reduction gases CO and H2 are produced and discharged during this stage. The addition of iron ore particles reduces the thermal conductivity of the coal-iron ore briquette. A higher ambient temperature is required for pyrolysis to occur. Additionally, iron ore, which exists between coal particles, hinders the movement channel of the volatile matter and prolongs its discharge path. Therefore, the pyrolysis reaction is weakened by iron ore, and the smaller the iron ore particles are, the stronger the weakening effect is. The reduction of iron ore particles begins in the latter part of the primary pyrolysis stage. In Figure 9d, the reaction conforms to the unreacted core shrinkage model [37,58], which comes out along the surface of the iron ore particles during reduction. The reduction reaction occurs much more easily in smaller iron ore particles. The iron ore was completely reduced during secondary pyrolysis, which was proved by XRD analysis, as shown in Figure 10. The results show that even relatively large iron ore particle can be reduced completely during coking.





4. Conclusions


The iron ore (EX) that was used in this work is one of the natural iron ores that is difficult to be reduced in China because of the oolitic hematite structure. The main purpose of this paper was to describe the effects of the different particle sizes of the iron ore on the thermodynamic and kinetic behaviour of coal-iron ore briquettes during coking, and then to help make full use of the natural iron ore.



Being more specific, the pyrolysis of coal or coal-iron ore briquettes was investigated experimentally using three particle sizes of iron ore by means of TG and DTG analyses. The kinetic parameters of pyrolysis were calculated by a non-isothermal kinetic model. The effects of different particle sizes on the mass loss were studied to evaluate the extent of the effect of iron ore on the coal-iron briquettes during coking.



In all particle size ranges of iron ore, the interaction indexes    α T    were positive, which means that the theoretical mass losses of the coal-iron ore briquettes are all lower than the experimental values. The synergistic effect of iron ore and coal mainly occurred during the later reaction stage of coking and was much stronger than that of the primary stage.



Then, compared with the coal briquette, decreasing the particle size of iron ore can increase Tf of the coal-iron ore briquette by 36–67 °C. The maximum reaction rates of briquettes occur at approximately 460 °C and decrease with a decrease in iron ore particle sizes in the following order: JM (0.0372 min−1) > JE1(0.0324 min−1) > JE2(0.0312 min−1) > JE3(0.0253 min−1). The results show that the particle sizes of iron ore can greatly affect the devolatilization rate of coal-iron ore briquettes.



Moreover, the kinetic analyses show that the first and second reaction stages for the pyrolysis reaction of the JM briquette are reaction controlled, and the third stage is mainly controlled by diffusion. The reaction kinetics at all stages of the coal-iron ore briquettes changed to a diffusion-controlled mechanism after adding iron ore into the coal briquette. The weighted apparent activation energy of the JM briquette was 35.532 kJ/mol, which was lower than that of the coal-iron ore briquettes. In addition, the weighted apparent activation energy increased gradually with a decrease in iron ore particles.



Finally, this study which was based on TG and DTG analyses demonstrated that the pyrolysis reaction of the coal-iron ore briquette is weakened by the iron ore particles, and the smaller the iron ore particles are, the stronger the weakening effect is. The reduction of iron ore particles begins during the latter part of the primary pyrolysis stage and is further enhanced during secondary pyrolysis. In addition, the relatively large iron ore particles can also be completely reduced during coking.
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Figure 1. The scheme of the experimental facilities for pyrolysis. 
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Figure 2. XRD analysis of iron ore. 
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Figure 3. Mass loss for iron ore and coal (JM) under an Ar atmosphere: (a) the mass loss of different particle sizes of EX iron ore, (b) the mass loss of coal. 
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Figure 4. Experimental and calculated values of the coal-iron ore briquettes. 
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Figure 5. (a) Conversion and (b) conversion rate of the briquettes. 
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Figure 6. Linear fitting of the mechanism function during the different stages of the JM pyrolysis reaction: (a) linear fitting of the mechanism function at reaction stage 1, (b) linear fitting of the mechanism function at reaction stage 2, (c) linear fitting of the mechanism function at reaction stage 3. 
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Figure 7. Linear fitting of the mechanism function at the different stages of the coal-iron ore briquette reaction: (a) linear fitting of JE1 at reaction stage 1, (b) linear fitting of JE1 at reaction stage 2, (c) linear fitting of JE1 at reaction stage 3, (d) linear fitting of JE2 at reaction stage 1, (e) linear fitting of JE2 at reaction stage 2, (f) linear fitting of JE2 at reaction stage 3, (g) linear fitting of JE3 at reaction stage 1, (h) linear fitting of JE3 at reaction stage 2, (i) linear fitting of JE3 at reaction stage 3. 
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Figure 8. Weighted apparent activation energies of the briquette samples. 
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Figure 9. Conceptualdiagram of the synergistic effect between iron ore and coal: (a) before pyrolysis; (b) the primary pyrolysis stage; (c) the secondary pyrolysis; (d) the reduction of iron ore particles. 






Figure 9. Conceptualdiagram of the synergistic effect between iron ore and coal: (a) before pyrolysis; (b) the primary pyrolysis stage; (c) the secondary pyrolysis; (d) the reduction of iron ore particles.



[image: Energies 11 02595 g009]







[image: Energies 11 02595 g010 550] 





Figure 10. XRD patterns of the coal-iron ore briquette with different particle size iron ore after coking. 
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Table 1. Characterization data of the coal used in the experiments.
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Sample

	
Proximate Analysis/Mass %, Air Dry Basis

	
Ultimate Analysis/Mass %, Ash Free Basis




	
Moisture

	
Volatiles

	
Ash

	
Fixed Carbon

	
C

	
H

	
N

	
S

	
O






	
JM

	
1.36

	
27.46

	
9.73

	
61.45

	
84.41

	
4.93

	
1.70

	
1.97

	
6.99











[image: Table] 





Table 2. Chemical composition of coal ash (mass %).
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	Sample
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	TiO2
	SO3
	K2O
	Na2O





	JM
	52.62
	33.43
	8.26
	1.97
	0.38
	0.28
	1.46
	0.28
	0.26
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Table 3. Chemical composition of the iron ores (mass %).
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	Samples
	TFe
	FeO
	CaO
	SiO2
	MgO
	Al2O3
	P
	S
	LOI





	EX
	55.15
	0.82
	0.19
	11.59
	0.34
	4.55
	0.13
	0.02
	1.63
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Table 4. The characteristic temperatures of different briquettes.
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	Samples
	T0, °C
	Tp, °C
	Tf, °C





	JM
	104.51
	466.12
	976.68



	JE1
	109.36
	451.25
	1012.25



	JE2
	100.71
	472.31
	1015.03



	JE3
	91.49
	486.03
	1043.29
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Table 5. Nomenclature report for symbols.
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	Symbols
	Description





	   k  ( T )    
	The rate constant



	   f  ( x )    
	The reaction mechanism function



	A
	The pre-exponential factor



	E
	The activation energy, kJ/mol



	R
	The standard molar gas constant, kJ mol−1 K−1



	β
	The heating rate, °C/min



	En
	The apparent activation during the different stages, kJ/mol



	fn
	The percentage of the weight loss, %
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Table 6. The common mechanism functions in pyrolysis reactions.
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Mechanism

	
Code

	
Differential Form

	
Integral Form






	
Chemical reaction

	
N = 1

	
F1

	
(1 −  x )

	
−In(1 −  x )




	
N = 2

	
F2

	
(1 −  x )2

	
(1 −  x )−1 − 1




	
N = 3

	
F3

	
(1 −  x )3

	
[(1 −  x )−1 − 1]/2




	
Diffusion

	
The two-dimensional diffusion control

	
D2

	
[−In(1 −  x )]−1

	
 x  + (1 +  x )In(1 −  x )




	
The two-dimensional diffusion control (Jander function)

	
D3

	
1.5(1 −  x )2/3[1 − (1 −  x )1/3]

	
[1 − (1 −  x )1/3]2




	
The three-dimensional diffusion control (Ginstling-Brounshten function)

	
D4

	
1.5[1 − (1 −  x )1/3 − 1]−1

	
(1 − 2 x /3) − (1 −  x )2/3




	
Random nucleation and nuclei growth

	
Two dimensional

	
A2

	
2(1 −  x )[−In(1 −  x )]1/2

	
[−In(1 −  x )]1/2




	
Three dimensional

	
A3

	
3(1 −  x )[−In(1 −  x )]2/3

	
[−In(1 −  x )]1/3
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Table 7. Kinetic parameters of the JM briquette using different mechanism functions.
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Mechanis Functions

	
Stage 1 (350–550 °C)

	
Stage 2 (551–810 °C)

	
Stage 3 (811–1100 °C)




	
E/(kJ/mol)

	
A/s−1

	
R2

	
E/(kJ/mol)

	
A/s−1

	
R2

	
E/(kJ/mol)

	
A/s−1

	
R2






	
F1

	
43.51

	
38.65

	
0.972

	
2.44

	
0.0047

	
0.799

	
22.85

	
0.35

	
0.535




	
F2

	
51.84

	
221.77

	
0.977

	
13.51

	
0.19

	
0.997

	
92.21

	
4691.9

	
0.553




	
F3

	
3.81

	
0.01

	
0.571

	
3.24

	
0.0096

	
0.977

	
80.31

	
744.25

	
0.497




	
D2

	
88.77

	
16,272.04

	
0.973

	
9.12

	
0.011

	
0.941

	
14.96

	
0.030

	
0.737




	
D3

	
93.78

	
9878.113

	
0.976

	
14.59

	
0.011

	
0.979

	
37.18

	
0.26

	
0.739




	
D4

	
93.43

	
5053.99

	
0.974

	
10.92

	
0.0041

	
0.959

	
21.82

	
0.023

	
0.749




	
A2

	
15.79

	
−0.26

	
0.947

	
−6.60

	
−0.003

	
0.983

	
1.31

	
0.0017

	
0.015




	
A3

	
6.56

	
0.03

	
0.872

	
−9.61

	
−0.003

	
0.994

	
−5.86

	
−0.003

	
0.427
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Table 8. Kinetic parameters of the coal/coal-iron ore briquette at different reaction stages.
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Samples

	
Stage/°C

	
Reaction Mechanism

	
E/(kJ/mol)

	
A/s−1

	
R2






	
JE1

	
311–520

	
D2

	
57.20

	
52.58

	
0.939




	
551–810

	
D3

	
13.43

	
0.0062

	
0.991




	
811–1100

	
D2

	
40.97

	
0.828

	
0.874




	
JE2

	
326–525

	
D2

	
68.27

	
431.69

	
0.932




	
526–920

	
D3

	
12.11

	
0.0043

	
0.978




	
921–1100

	
D2

	
49.95

	
2.284

	
0.921




	
JE3

	
331–531

	
D2

	
75.04

	
729.01

	
0.992




	
532–930

	
D3

	
15.98

	
0.0057

	
0.985




	
931–1100

	
D2

	
75.26

	
30.20

	
0.925




	
JM

	
350–550

	
F2

	
51.84

	
221.76

	
0.977




	
551–810

	
F2

	
13.52

	
0.193

	
0.997




	
811–1100

	
D4

	
21.82

	
0.023

	
0.748












© 2018 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 (http://creativecommons.org/licenses/by/4.0/).
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