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Abstract

:

WCO-Biodiesel can be used as a fuel instead of fossil energy for the copper smelting industry will not only save resources but also protect the environment. The pyrolysis of WCO-Biodiesel in the melting pool is influenced to some extent by the copper slag (CS) generated during the copper smelting process. In this study, the effects of CS on the kinetic triplet, thermodynamics, product characteristics and reaction mechanism of WCO-Biodiesel are comprehensively investigated via a thermogravimetric analyzer and pyrolysis experimental system. Firstly, the apparent activation energy (Eα) is calculated using STR, and Eα decreased at different α under the influence of CS. Then, the trend of the WCO-Biodiesel pyrolysis mechanism with α is determined by the master plots method based on 18 commonly used models similar to the Pn and D1 models. The analysis of WCO-Biodiesel pyrolysis gas products shows that more flammable gases containing H are formed under the influence of CS. The analysis of the liquid products shows that more PAHs and more small molecule products are generated under the influence of CS. Two coke products are produced at high temperatures, which differ significantly in microscopic morphology, spherical carbon particle size and chemical structure. Finally, the mechanism of pyrolysis of the main components in WCO-Biodiesel in the high-temperature environment of melt pool melting is explored.
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1. Introduction


Over the past few decades, the significant increase in global consumption of fossil fuel has led to a number of environmental problems, such as greenhouse gas emissions and deterioration of air quality caused by pollutants such as SOx, NOx and fine particulate matter. In addition, the volatility of fossil fuel prices and the depletion of fossil resources affect the development of the global economy [1]. As one of the top ten global producers and consumers of non-ferrous metals, China’s non-ferrous metal industry consumes 4.39% of the total energy consumption of the entire country [2]. Therefore, it is urgent to find a clean and sustainable energy source to cope with the energy, and the environmental crisis has become an increasingly important issue. Therefore, replacing non-renewable fossil fuels in the smelting process of non-ferrous metals fossil fuels with green renewable biomass energy is an effective way to reduce emissions in the non-ferrous metals industry.



Biodiesel is a clean and sustainable liquid fuel that reduces emissions of greenhouse gases that contribute to global warming [3,4]. Waste cooking oil biodiesel (WCO-Biodiesel) is a fatty acid methyl ester obtained from waste cooking oil through an esterification process, which can be used as a fuel. The low-cost feedstock of used cooking oil is a good choice for biodiesel production and further solves many environmental problems [5,6]. In contrast to used waste cooking oil, WCO-Biodiesel has the advantage that used waste cooking oil contains high levels of sulfur-containing compounds (mainly sulfur-containing organics from household, restaurant and other facility wastewater) that can be converted to harmful sulfur dioxide during combustion when burned directly as fuel, leading to serious environmental and health problems [7].



Many researchers have previously conducted many studies on the application of biodiesel. Bahadorizadeh et al. [8] investigated the emissions of boiler combustion systems using the addition of Al2O3, CeO2 and Co3O4 blended with WCO-Biodiesel in single, binary blends and ternary blends and found that the addition of nanoparticles significantly reduced CO emissions and the combination of CeO2 and Co3O4 had a synergistic effect on reducing the emissions of pollutants such as CO and NOx. Gad et al. [9] investigated the combustion characteristics of diesel engines, comparing WCO-Biodiesel with the addition of gasoline and kerosene and pure WCO-Biodiesel as fuel. It was found that the blends achieved better improvements in diesel engine performance, combustion characteristics and emission reduction. Blends of gasoline or kerosene with WCO-Biodiesel can be used as a replacement for diesel engines. Additionally, other researchers investigated the efficiency of diesel filters [10]. Simbi et al. [11] investigated the chemical and qualitative properties of sunflower biodiesel–gasoline blends and palm biodiesel–gasoline blends and found that sunflower biodiesel–gasoline blends had more energy content and lower acid values. The palm biodiesel–gasoline blends were also found to have good thermal stability and better cold-start characteristics. Therefore, as a kind of clean fuel, biodiesel has a wide range of application prospects [12].



Yunnan is one of the important copper production bases in China, and a large amount of copper slag (CS) is generated in the process of copper smelting [13]. Previous studies [14,15] have shown that the high content of iron olivine (Fe2SiO4) in CS promoted the pyrolysis of biomass. Many previous studies have been conducted on the application of biomass in the non-ferrous metals industry. Du et al. [16] studied the co-treatment of CS with rubber seed oil and found that CS had a facilitative effect on the bond breaking of rubber seed oil, and the co-treatment not only improved the utilization efficiency of rubber seed oil, in addition to made CS more harmless and resourceful. Supriyatna et al. [17] found that when charcoal and palm husk were used as reducing agents to replace coal coke for ferromanganese production, the highest manganese extraction rate reached 49.91 and 44.16%, respectively, and which indicates that palm husk and charcoal have great potential as reducing agents in ferromanganese production. Zhou et al. [18] found that when walnut shell charcoal was used as a reducing agent to recover iron from waste copper slag, the main phase of the reduced CS samples was found to be iron at 1300 °C, indicating that biochar could effectively reduce the iron phase in CS. Li et al. [19] found that the use of waste cooking oil as a reducing agent could not only reduce the magnetic iron in CS but also reduce the carbon emission during copper smelting, and the study also developed a kinetic model for the reduction of magnetic iron in CS by waste cooking oil. These studies show that biomass has great potential in the non-ferrous metals industry.



Therefore, it is excellent to apply WCO-Biodiesel instead of traditional fossil fuels in the copper smelting process. Moreover, the high temperature and excellent heat and mass transfer conditions of the thermal storage melting pool can make the WCO-Biodiesel gasify rapidly. More combustible gases are generated by the pyrolysis of WCO-Biodiesel during the copper melting process due to CS catalysis, which facilitates the high-value utilization of WCO-Biodiesel. Therefore, the effect of CS on the kinetics, thermodynamics and pyrolysis mechanism of WCO-biodiesel is investigated. According to the previous study [20], the simultaneous use of more than two iso-conversional methods is only indicative of the nuanced Eα values calculated by different methods, and only one precise method should be used, so only the STR method of iso-conversional methods is used in this study [20]. The effect of CS on WCO-biodiesel pyrolysis products is further analyzed by GC, GC/MS, Raman and SEM.




2. Materials and Methods


The instrument used to analyze the elemental composition of WCO-Biodiesel was the Vario EL III elemental analyzer. National standard GB/T212-2008 was used to determine the volatile fraction, fixed carbon and ash content of WCO-Biodiesel. Dulong formula was used to calculate the high heating value (HHV) of WCO-Biodiesel. Gas chromatography–mass spectrometry (GC-MS; Thermo Finnigan Trace DSQ mass spectrometer; USA) was used to measure the fatty acid composition of WCO-Biodiesel. WCO-Biodiesel was stored in sealed glass bottles prior to the start of the experiment.



Table 1 shows the main components of CS used in this study, which are mainly composed of SiO2, Al2O3, CaO, MgO, ZnO and Fe3O4. X-ray diffraction (XRD) was used to analyze the physical phase of CS with Cu target, diffraction angle 2θ of 10°~80°, scanning speed of 2°/min, voltage 40 kV and current 40 mA. From the XRD patterns of CS shown in Figure 1, intense diffraction peaks of Fe3O4, Fe2SiO4 and Cu2S can be observed, but the glassy phases such as Al2O3, CaO and MgO in CS cannot be detected. CS samples with a diameter of less than 0.5 mm were obtained by crushing, and then the obtained samples were dried in a drying oven at 105 °C for 24 h.



2.1. Experiments


NETZSCH STA 449F3 thermogravimetric analyzer (Germany) was used to perform TGA experiments WCO-Biodiesel and blends of CS and WCO-Biodiesel (1:10 mass ratio). Approximately 10 mg of the sample was placed in an Al2O3 crucible. The experiments were performed in N2 (99.999%) environment with heating rates of 10, 30 and 50 °C min−1 from 25 °C to 1000 °C. According to the TGA results of pure CS, its total weight loss was negligible compared to the loss of WCO-Biodiesel weight.



The WCO-Biodiesel pyrolysis experiments were carried out in the experimental system shown in Figure 2. The experimental system consists of a vertical tube furnace, reactor (quartz tube), syringe pump, temperature controller, mass flow controller, condenser, drying tube, nitrogen bottle, liquid product collector and gas bag. Before starting the experiment, 0.5 g of CS was placed in a quartz tube (inner diameter = 15 mm). Then, the gas cylinder and gas control valve was opened, N2 was passed into the quartz tube (time = 5 min), the air in the reactor was discharged, and the flow rate of nitrogen was controlled to 10 mL/min with a mass flow controller. After the preparation was completed, the reactor was heated to 600, 700, 800, 900 and 1000 °C using a vertical tube furnace at a heating rate of 10 °C/min. After reaching the reaction temperature, WCO-Biodiesel was injected into the reactor by a syringe pump at a rate of 0.05 mL/min. The liquid product was condensed and collected in a liquid product collector, the gaseous product was dried and collected in a gas bag and the solid product remained in the reactor.




2.2. Pyrolysis Products Analysis and Characterization


GC-Agilent 7890A (USA) gas chromatograph was used to determine the type and content of gaseous products, and its detector type was a thermal conductivity detector (TCD). The chromatographic segments were HP-PLOT/Q (30 m × 0.53 mm × 0.05 mm) for the partition of CO2, C2H4 and C2H6 and HP-MOLESIEVE (30 m × 0.53 mm × 0.05 mm) for the detachment of H2, CO, N2 and CH4. Argon gas at a flow rate of 4 mL/min was used as the carrier gas. Argon gas at a flow rate of 4 mL/min was used as the carrier gas. The instrument needed to be held at 50 °C for 5 min; afterward, it was heated to 150 °C with the 20 °C/min heating rate and held for 6 min.



Thermo Trace DSQ GC-MS (USA) was used to determine the type and content of liquid products. The chromatographic column was a DB-17MS column (30 m × 0.25 mm × 0.25 μm). GC-MS operated under the following conditions: helium (99.999%) at a flow rate of 1.0 mL/min as the carrier gas; the oven was initially set at 40 °C and held for 3 min, then heated to 300 °C at 20 °C/min and held at 300 °C for 10 min (ion source: EI, ionization energy: 70 eV, ion source temperature: 200 °C). National Institute of Standards and Testing (NIST) 2011 mass spectrometry library was used to determine the compound types of WCO-Biodiesel liquid products. The relative contents of the different compounds can be obtained by the area normalization method based on GC-MS data.



Quanta FEG 250 scanning electron microscope (SEM) analyzer (USA) was used to analyze the microscopic morphology of coke products. Renishaw inVia Raman spectrometer (UK) was used to analyze the chemical structure of coke. The spectra with a resolution of 1 cm−1 were scanned for samples from 800 to 2000 cm−1 with a scan time of 15 s per sample.




2.3. Yield of Pyrolysis Products


The yields of coke and liquid products were obtained by the growth of the mass after experiments with quartz tubes and liquid product collectors. The gas products were obtained by mass balance. The equations for the three product yields are shown in Equations (1)–(3).


  C o k  e  y i e l d    (  w t / %  )  =   M a s  s  c o k e     M a s  s  W C O − Biodiesel     × 100 %  



(1)






  L i q u i  d  y i e l d    (  w t / %  )  =   M a s  s  L i q u i d     M a s  s  W C O − Biodiesel     × 100 %  



(2)






  G a  s  y i e l d    (  w t / %  )  = 1 − C o k  e  y i e l d    (  w t / %  )  − L i q u i  d  y i e l d    (  w t / %  )   



(3)







The yield of the different gases in the gas product can be calculated by the volume fraction of the different gases obtained by GC, with the equation shown in Equation (4).


  Y i e l  d  g a s − i   =    q   N 2     X  g a s − i   t    X  g a s −  N 2     m  W C O − Biodiesel      



(4)




where i is the different gas compositions, Yieldgas-I is the yield of gas components,    q  N 2     is the flow rate of N2 (   q  N 2     = 10 mL/min),    X  g a s − i     is the percentage of content for different gases,    X  g a s −  N 2      is the percentage of content for N2, and t is the sampling time.




2.4. Kinetic Triplet and Thermodynamics


The kinetic equation for the non-isothermal thermal solution is derived from the Arrhenius equation as [20,21,22,23]:


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



(5)




where α is the conversion rate, T is the absolute temperature (K), A is the pre-exponential factor (s−1), β is the heating rate, Eα is the apparent activation energy (J·mol−1), R is the universal gas constants (8.314 J·mol−1·K−1), and f(α) is the reaction mechanism.


  α =    m 0  −  m t     m 0  −  m f     



(6)




where m0 is the sample mass before the start of the experiment, mt is the remaining mass of the sample when the experimental time reaches t, mf is the mass of the residual sample at the end of the experiment.



If   α =    ∫ 0 α     d α   f  ( α )         in Equation (5), then Equation (5) can be rewritten as Equation (7).


  g ( α ) =    ∫ 0 a     d α   f ( α )      =    ∫   T 0   T    A β     exp  (  −    E α    R T    )  d T  



(7)







Equation (8) [22] is shown for the three iso-conversional methods used in this study.



STR:


  l n  (   β   T  1.92      )  = l n  (    A  E α    R g  ( α )     )  −    E α    R T    



(8)







Equation (9) is the formula for calculating A [24].


  A =   β  E α    R  T m 2    e x p  (     E α    R  T m     )   



(9)







After determining the Eα for the pyrolysis of WCO-Biodiesel and CS and WCO-Biodiesel blends, the reaction mechanism of the pyrolysis process was determined by the master plots method. The equation is shown in Equation (10) [25].


    Z  ( α )    Z  (  0.5  )    =   f  ( α )  g  ( α )    f  (  0.5  )  g  (  0.5  )    =    (     T α     T  0.5      )   2    d α / d T      (  d α / d T  )    0.5      



(10)




where T0.5 is the temperature at α = 0.5, (dα/dT)0.5 is the reaction rate at α = 0.5, f(0.5) is the value of f(α) at α = 0.5, and g(0.5) is the value of the integral function g(α) of f(α) at α = 0.5. The common kinetic reaction models are shown in Table 2. The reaction mechanism of WCO-Biodiesel under the influence of CS was determined by comparing the curve of the theoretical model plotted on the left side of Equation (10) with the curve of the experimental data plotted on the right side of Equation (10).



Equations (11)–(13) show the thermodynamic parameters involved in this study [26].



Enthalpy change (ΔH):


  Δ H =  E α  − R T  



(11)







Gibbs free energy (ΔG):


  Δ G =  E α  + R  T m  l n  (     K B   T m    h A    )   



(12)







Entropy change (ΔS):


  Δ S =   Δ H − Δ G    T m     



(13)




where KB is the Boltzmann’s constant (1.381 × 10−23 J/K) and h is the Planck’s constant (6.626 × 10−34 J·s−1).





3. Results and Discussion


3.1. Physicochemical Properties of WCO-Biodiesel


Table 3 shows the elemental analysis, proximate analysis and fatty acid analysis of WCO-Biodiesel. According to the elemental analysis, the contents of the four elements in WCO-Biodiesel are 70.26 wt% for C, 11.26 wt% for H, 17.60 wt% for O and 0.87 wt% for N. The content of O influences the HHV for evaluating the properties of WCO-Biodiesel fuel. A previous study [27] showed that both C-O and C-H single bonds contain less energy than C-C single bonds. Therefore, according to the elemental analysis, low O/C and H/C values of fuel give rise to a low HHV of fuel. As can be seen from Table 3, the O/C and H/C of WCO-Biodiesel are 0.25 and 0.16, and the HHV is 36.97 MJ·kg−1. The approximate analysis of WCO-Biodiesel showed that the content of fixed carbon is only 0.09 wt%, the ash content is 0 wt%, and the content of volatile fraction is as high as 99.91 wt%. The higher HHV and volatile matter content indicate that the pyrolysis of WCO-biodiesel will generate more available energy. Fatty acid composition shows that the main components of WCO-Biodiesel are palmitic acid, oleic acid, linoleic acid and linolenic acid with 23.70, 42.27, 29.37 and 2.32 wt%, respectively. Unlike those large molecular triglycerides, WCO-Biodiesel is composed of various fatty acid methyl esters [28].




3.2. Thermal Decomposition Properties


Figure 3a,c shows the TG and DTG curves of WCO-Biodiesel and blends of WCO-Biodiesel with CS at different heating rates. The trends of TG and DTG curves are similar for these three different heating rates, with two peaks in the DTG curves. As the heating rate increased, the TG and DTG curves shifted toward higher temperature intervals, and the peaks of the DTG curve increased. The first stage of pyrolysis shows a small shoulder peak on the DTG curves (150–250 °C), which is due to the fact that WCO-Biodiesel is obtained by the methyl esterification of the feedstock, so a large number of lighter components are removed at this stage [29]. The mass of WCO-Biodiesel decreases a lot in the second stage (250–350 °C), and the mass loss rate of WCO-Biodiesel reaches the maximum in this stage. In this stage, WCO-Biodiesel decomposes rapidly, the mass decreases rapidly, and volatile components are generated in large quantities in this stage. Since the volatile matter is depleted in the second stage and what remains is mainly carbonaceous carbon, it does not decompose further in the third stage (>350 °C) [30]. It can be seen that the shoulder peak of the first stage of WCO-Biodiesel pyrolysis is reduced due to the effect of CS, which indicates that the presence of CS makes the WCO-Biodiesel pyrolysis more efficient [31].



In Figure 3b,d, Ti, Tm, Tf and DTGmax are the four characteristic parameters of WCO-Biodiesel pyrolysis under the influence of CS. All the characteristics parameters of WCO-Biodiesel pyrolysis increase with the heating rate. Ti, Tm and Tf are the temperatures corresponding to the beginning of WCO-Biodiesel pyrolysis, the temperature at which the mass loss rate of WCO-Biodiesel is maximum and the temperature at the end of WCO-Biodiesel pyrolysis. Ti, Tm, Tf and DTGmax increased from 220.57 to 269.59 °C, 280.34 to 318.46 °C, 294.37 to 332.49 °C and 19.34 to 99.98%/min as the heating rate increased from 10 to 50 °C/min. Under the influence of CS, Ti, Tm, Tf and DTGmax increased from 239.87 to 274.45 °C, 285.19 to 320.55 °C, 291.08 to 329.90 °C and 19.60 to 93.52%/min, respectively. Other researchers found the same phenomenon in the thermogravimetric analysis of sewage sludge [32] and another biomass [33]. The shift in Ti, Tm and Tf with increasing heating rates is due to thermal hysteresis and heat transfer limitation, and the peaks at high heating rates are higher than those at low heating rates, indicating that high heating rates contribute to the pyrolysis reaction [34]. Increased DTGmax indicates that the rate of temperature increase plays an auxiliary role in the WCO-Biodiesel pyrolysis process [21]. The presence of CS shifts the peak of the DTG curve slightly to the left, indicating a slight decrease in the temperature of the WCO-Biodiesel thermal degradation process due to the influence of CS [31].




3.3. Kinetic Triplet and Thermodynamics


3.3.1. Kinetic Triplet


After analyzing the thermogravimetric results, the pyrolysis kinetics of pure WCO-Biodiesel and blends of WCO-Biodiesel with CS are studied using the iso-conversional method. Figure 4 shows the fitted plots obtained by these three iso-conversional methods, and Table 4 shows the pyrolysis kinetic parameters. Table 4 shows that the correlation coefficients R2 obtained by STR are all greater than 0.9, which proves that the calculated results are reliable. The Eα ranges of WCO-Biodiesel obtained using STR is 105.62–210.87 kJ/mol. The Eα ranges of WCO-Biodiesel obtained with STR under the influence of CS are 63.21–92.34 kJ/mol. The Eα is the energy threshold that must be overcome to form other substances through chemical reactions [21]. The results show that CS influences Eα during the pyrolysis of WCO-Biodiesel. Other researchers in the study of co-pyrolysis of municipal sewage sludge and CS have similarly found that the Eα during pyrolysis can be effectively reduced due to the presence of CS [35]. This situation arises because the presence of a large number of metal oxides in CS catalyzes the pyrolysis of organic substances [35].



The A represents the pyrolysis control mechanism of WCO-Biodiesel, which is a constant related only to the reaction properties. When A < 10−9 s−1, the pyrolysis process is related to the surface area, and when A ≥ 10−9 s−1, the pyrolysis process is unrelated to the surface area [23]. With the use of STR, the calculated values of A range from 3.10 × 109 to 4.36 × 1019 s−1. The A values calculated by STR are greater than 10−9, which implies that the pyrolysis of WCO-Biodiesel is a complex process not controlled by the surface. The average values of A calculated with STR for the WCO-Biodiesel pyrolysis process under the influence of CS are reduced to 2.60 × 107 s−1. The decrease in the A value indicates that the collision rate of molecules is reduced under the influence of CS, and less energy is required for the reaction [35].



The experimental data curve and theoretical curves of 18 different mechanistic models in Table 2 are shown in Figure 5. The mechanism of the WCO-Biodiesel pyrolysis reaction is determined by fitting the plot with the master plots method shown in Figure 5. The trend of the WCO-Biodiesel pyrolysis process with increasing α is inferred by the master plots method to follow the D1, Pn model. Almazrouei et al. [29] analyzed the mechanism of pure glycerol pyrolysis using the master plots method, in which the pure glycerol was also found to follow the Pn, D1 reaction mechanism model. It can be seen from Figure 5 that the pyrolysis mechanism of WCO-Biodiesel has not changed significantly due to the effect of CS, and the trend of the reaction mechanism with α remained similar to that of the Pn and D1 models. Since the 18 theoretical models chosen cannot describe the whole pyrolysis process well, the empirical model proposed by Šesták and Berggren [36] was chosen to determine the reaction mechanism functions for the pyrolysis of pure WCO-Biodiesel and WCO-Biodiesel under the influence of CS. During kinetic calculations, the SB (m, n, p) model can be highly flexible to accommodate various types of rate behavior. The truncated form of the B model, SB (m, n), is equally useful as an empirical model [37]. The equation of the empirical model is shown in Equation (14).


  f  ( a )  =  a m     (  1 − a  )   n     [  − l n  (  1 − a  )   ]   p   



(14)




where m is the reaction order, n is the diffusion–reaction mechanisms, and p is the nucleation reaction mechanisms.



The mechanism function of pure WCO-Biodiesel pyrolysis reaction calculated from the empirical model is shown in Equation (15), and the mechanism function of WCO-Biodiesel pyrolysis reaction under the influence of CS is shown in Equation (16). m < 1 indicates that the reaction order has little effect on WCO-Biodiesel pyrolysis, and n > 1 indicates that the diffusion–reaction mechanism is the main reaction mechanism of WCO-Biodiesel pyrolysis [31]. The higher order of n and p indicates the influence of diffusion and nucleation mechanisms on pyrolysis, with the influence of CS decreasing the influence of diffusion and nucleation mechanisms in the pyrolysis process [38]. The order of n and p in the reaction mechanism function of the catalytic pyrolysis process becomes smaller, indicating that the diffusion and nucleation mechanisms in the catalytic pyrolysis process become less influential on the pyrolysis process. In general, m < n < p indicates that both non-catalytic and catalytic pyrolysis reactions are mainly controlled by the nucleation mechanism.


   f 1   ( a )  =  a  − 7.328      (  1 − a  )    3.048      [  − l n  (  1 − a  )   ]    8.321    



(15)






   f 2   ( a )  =  a  − 7.208      (  1 − a  )    2.967      [  − l n  (  1 − a  )   ]    8.090    



(16)








3.3.2. Thermodynamics


The ΔH, ΔG and ΔS listed in Table 5 are the thermodynamic parameters of WCO-Biodiesel pyrolysis at a heating rate of 50 °C/min studied in this work. ΔH denotes the heat to be absorbed or released by the pyrolysis of WCO-Biodiesel under the influence of CS. The calculated average value of ΔH using STR is 125.86 kJ/mol. ΔH > 0 indicates that the pyrolysis process is a heat absorption reaction. There is a small difference in the average values of Eα and ΔH, which is consistent with the results of other bioenergy sources [39] and favors the formation of products [40]. The average value of ΔH for the pyrolysis process of WCO-biodiesel under the influence of CS calculated using STR is 70.68 kJ/mol. It can be seen that the value of ΔH is effectively reduced when the pyrolysis of WCO-Biodiesel is influenced by CS. This indicates that less energy is required when the pyrolysis of WCO-Biodiesel is affected by CS. The calculated average value of ΔG using STR is 144.06 kJ/mol.



ΔG denotes the available energy value after WCO-Biodiesel pyrolysis [21]. The values of both ΔH and ΔG are greater than 0, indicating that the pyrolysis of WCO-Biodiesel is a non-spontaneous reaction process [31]. ΔS is an indicator to determine whether the pyrolysis system is disordered in the pyrolysis process [21]. The range of ΔS values calculated according to the STR method is −76.46–118.49 J/mol⋅K. ΔS has both negative and positive values at different α, indicating the complexity of the pyrolysis process of WCO-Biodiesel. Similar phenomena have been found in the studies of others [24,40]. The decrease in the value of ΔS under the influence of CS indicates that more volatile products are generated, reducing the disorderly nature of the reaction.





3.4. Distribution of Pyrolysis Products


Figure 6a,b shows the distribution of gas, liquid and coke yields for pure WCO-Biodiesel and WCO-Biodiesel under the influence of CS at 600, 700, 800, 900 and 1000 °C. It can be seen from Figure 6a that the yield of the liquid product decreases from 36.35% to 7.84% as the temperature increases from 600°C to 1000°C. The highest yield of gaseous product was reached at 800 °C with 86.31%. The highest yield of coke product was reached at 1000 °C with 35.22%. It is important to note that there is no coke formation at 600 °C and 700 °C. There is only unformed coke formation in the tube wall at 800 °C. There are two kinds of coke formation at 1000 °C, quartz tube wall coke (QTW-Coke) and quartz wool surface coke (QCS-Coke). However, only QTW-Coke is formed at 900 °C. From Table 2, it is known that CS contains components consisting of Fe, Cu, Al, Ca, Mg and Zn, all of which have a facilitative effect on the pyrolysis of WCO-Biodiesel [41,42,43]. The effect of CS on WCO-biodiesel pyrolysis products at different temperatures can be seen in Figure 6b. CS all catalyzed the pyrolysis of WCO-Biodiesel at 600–1000 °C, and the effect became more obvious with the increase in temperature. Different elements in CS can have different effects on the pyrolysis of WCO-Biodiesel. For Fe, the breakage of C-C, C=C and C-H bonds in the presence of Fe would be simpler. For Mg, Cu and Zn, Mg has a facilitating effect on the gasification of water-soluble organic matter, and the combined effect of Cu and Zn promotes the breaking of C-O and C-H bonds in WCO-Biodiesel. Therefore, more gases are generated in the WCO-Biodiesel pyrolysis process due to the influence of CS. In the process of WCO-Biodiesel as a fuel for copper smelting, pyrolysis gas can be directly involved in copper smelting. The yield of both liquid and solid products of WCO-Biodiesel pyrolysis is decreased under the influence of CS, with only 0.2% of liquid yield and 35.22% of coke yield at 1000 °C. The effect of catalytic gasification becomes more obvious with the increase in temperature, and the growth rate of gas products reaches up to 14.98% at 1000 °C.




3.5. Characterization of Coke


The SEM images of QTW-Coke and QCS-Coke at 1000 °C and the size distribution of spherical carbon particles are shown in Figure 7. The microscopic morphologies of QTW-Coke and QCS-Coke show great differences. The outer surface (Figure 7a,f) and the inner surface (Figure 7b,g) of QTW-Coke show two completely different morphologies. The outer surface shows a smooth morphology, while the inner surface shows a rough morphology due to the coverage of carbon particles. The outer surface (Figure 7a,f) and the inner surface (Figure 7b,g) of QTW-Coke show two completely different morphologies. The outer surface shows a smooth morphology, while the inner surface shows a rough morphology due to the coverage of carbon particles. QCS-Coke is formed by the accumulation of numerous carbon particles, and its microscopic morphology appears coral-like. In the presence of CS, the average size of QTW-Coke particle size increased from 3.226 μm to 14.493 μm due to the formation of more polycyclic aromatic hydrocarbons and, thus, larger carbon particles catalyzed by CS [43]. The average size of QTW-Coke particles decreased from 8.029 μm to 5.542 μm. This is due to the slow consumption of coke as volatiles inevitably react with coke when reacting with the catalyst under the catalytic action of CS, resulting in a decrease in the particle size of coke [44].



Raman spectroscopy is a widely used method for characterizing structural and species information of coke-containing substances. In Figure 8a,d, two different peaks in the first-order Raman spectra are shown as D-band and G-band, respectively. Since the overlap between the D-band and G-band of disordered carbon materials hides a large amount of structural information, the D-band and G-band peaks alone cannot be considered [45]. Therefore, to obtain more detailed information about the coke structure, the first-order Raman spectra were deconvoluted into four Lorentz peaks and one Gaussian peak, according to Sadezky et al. [46]. The inverse fold accumulation of coke produced by pyrolysis of WCO-Biodiesel and blends of WCO-Biodiesel with CS at 900 °C and 1000 °C was performed, and the results are shown in Figure 8b,c,e,f. The G peak is assigned to the symmetric stretching vibration mode of E2g at the edge of the graphene layer [45]. The D1 peak is attributed to defects in the graphite crystal, such as the presence of amorphous carbon [47]. The D2 peak is attributed to the E2g vibration of the graphite surface layer [46]. The D3 peak corresponds to a wide distribution of carbon structures in the coke, such as non-planar defects, organic molecules, fragments or functional groups with sp2 bonds [48]. The D4 peak is associated with the sp2-sp3 or C-C and C=C bond vibrational modes of the polyene structure [46]. Figure 9 shows the intensity ratios of the D1 band to the G band and the G band to all bands. As can be seen in Figure 9, the value of ID1/IG increased, and IG/IAll decreased for QTW-Coke due to the influence of CS. While the value of ID1/IG for QCS-Coke decreased and the value of IG/IAll increased [45]. This is attributed to the fact that the defective condensed aromatic ring structure in QTW-Coke increases due to the effect of CS, thus leading to more disordered QTW-Coke. On the contrary, volatiles inevitably react with the coke due to the addition of CS. The condensed aromatic ring structure in the QCS-coke is reduced, resulting in a more ordered coke structure [44].




3.6. Effect of CS on the Gaseous Products of WCO-Biodiesel


The variation in different gas yields of WCO-Biodiesel at different pyrolysis temperatures under the influence of CS is shown in Figure 10. As shown in Figure 10, when the pyrolysis is increased from 600 °C to 1000 °C, the yield of CO increases to 145.40 mL/g under the influence of CS and to 136.76 mL/g without CS. The yield of H2 increases by 616.78 mL/g in the presence of CS and by 575.45 mL/g in the absence of CS. Under the influence of CS, the yield of CH4 increases to 199.1 mL/g when the pyrolysis temperature is increased from 600 °C to 900 °C and then decreases to 243.64 mL/g at 1000 °C. However, without CS, the yield of CH4 increases to 306.01 mL/g when the pyrolysis temperature is increased from 600 °C to 900 °C and then decreases at 1000 °C to 223.45 mL/g. Overall, the effect of CS will make WCO-biodiesel pyrolyze more combustible gases to participate in smelting. The yields of both CO2 and C2 gas increase with and without CS and then decrease with increasing pyrolysis temperature.



The increase in CO yield is due to the fact that Fe3O4 in CS provides oxygen for the pyrolysis process, and the coke reacts with Fe3O4 to form CO [49]. The increase in H2 yield is due to the fact that Cu and Fe in CS catalyze the pyrolysis of WCO-Biodiesel. In particular, C-C, C=C and C-H bond breaking is favored by Fe, which can lead to higher yields of gaseous products [43]. The cracking of long-chain hydrocarbons is the source of CH4, and the yield of CH4 decreases at high temperatures indicating that too-high temperatures instead reduce the production of CH4 [50]. CO2 production decreases when the temperature rises to 1000 °C due to losses caused by the reaction between the coke and CO2 [16]. C2H6 is derived from the cracking of long-chain hydrocarbons, and C2H4 and C2H2 from the cracking of olefinic compounds [50,51]. The increasing temperature promoted the pyrolysis of WCO-Biodiesel, which reduced the C2H6, C2H4 and C2H2 yields. Smaller amounts of Ca, Mg and Zn in CS have catalytic effects on WCO-Biodiesel [52]; Ca contributes to the condensation reaction of aldehydes and ketones [42]; and Zn and Cu synergistically promote the breakage of C-O and C-H bonds [41]. When WCO-Biodiesel is used as a fuel for copper smelters, it pyrolyzes to produce a large amount of hydrogen-containing gas as a secondary fuel for the smelting process, which can also reduce CO2 emissions.




3.7. Liquid Products Analysis of WCO-Biodiesel


GC-MS analysis of liquid products obtained from the rapid pyrolysis experiments of pure WCO-Biodiesel and WCO-Biodiesel under the influence of CS was performed. According to the results of GC-MS, the yield of monocyclic aromatic hydrocarbons (MAHs) decreases with increasing temperature, and the yield of polycyclic aromatic hydrocarbons (PAHs)) increases with increasing temperature, regardless of whether influenced by CS. For alkanes, olefins and oxygenated compounds (OCs), their presence is not detected at high temperatures. The specific composition of the liquid products of pure WCO-Biodiesel and WCO-Biodiesel at 600, 700, 800 and 900 °C under the influence of CS can be obtained from Tables S1 and S2 in the Supplementary Material.



The composition of pure WCO-Biodiesel liquid products at 600, 700, 800 and 900 °C is shown in Figure 11a. It can be seen from Figure 11a that the pyrolysis temperature greatly affects the composition of the liquid product. When the pyrolysis temperature is 600 °C, the highest percentage of OCs fraction in the liquid products least percentage is PAHs with only 7.37%. When the temperatures reached 800 and 900°C, no OCs existed in the liquid products, which indicated that the QCs had been completely deoxygenated to form hydrocarbons at this time [21]. With the increase in temperature, the relative content of MAHs showed a trend of first increasing and then decreasing. The yield of MAHs reaches a maximum of 51.13% at 700 °C, in which the higher contents are Benzene (10.08%) and Toluene (11.30%). Unlike MAHs, the relative content of PAHs increased continuously with the increase in pyrolysis temperature, reaching 92.01% at the temperature of 900°C, and the content of Naphthalene reached 47.11%. This is due to the fact that the yield of PAHs increases with increasing temperature. The higher pyrolysis temperature environment makes it easier for reactions such as deoxygenation and dehydrogenation of OCs to occur, producing more products such as alkanes, olefins and flammable gases [53]. The reactivity of alkanes and olefins also shows more strongly in the higher pyrolysis temperature environment, and they are converted into PAHs through reactions such as dehydrogenation and aromatization, and coke is formed through further polymerization reactions [54]. The results likewise explain why the liquid products become less and less, and the coke products become more and more in Section 3.3. As can be seen in Figure 11b, the liquid product of WCO-Biodiesel under the influence of CS has the same composition as the liquid product of pure biodiesel pyrolysis, with only MAHs and PAHs. The content of OCs in WCO-biodiesel liquid products decreases by 2.63% at 700 °C under the influence of CS. The content reduction in MAHs decreases by 18.22% at 800 °C and by 2.26% at 900 °C. The content of PAHs increases by 18.22% at 800 °C and by 2.26% at 900 °C. All these phenomena suggest that CS contributes to more complete pyrolysis of WCO-Biodiesel and thus an increased content of PAHs in the products, which is the reason why WCO-Biodiesel pyrolysis produces more gaseous products after being influenced by CS in Section 3.6.



Figure 11c shows the distribution of different carbon atom numbers in the liquid products at different pyrolysis temperatures. As shown in Figure 11c, the relative content of ≥C16 compounds decreases by 9.91% when the temperature increases from 600 to 800 °C. As can be seen from Table S1 (Supplementary Material), the C11-C15 compounds are composed of some fatty acid methyl esters, of which the highest content at 600 °C is hexadecanoic acid methyl ester (12.08%). With the increasing temperature, these long-chain fatty acid methyl esters are further cleaved. The relative content of C11-C15 compounds increased from 12.87 to 32.04%, and ≤C10 compounds increased from 68.16 to 53.11%. The relative content of ≥C16 compounds increased to 20.45% when the temperature increased to 900 °C, while C11–C15 and ≤C10 compounds decreased to 28.91 and 50.59%, respectively. As seen in Figure 11d, the liquid product of WCO-Biodiesel is further pyrolyzed under the influence of CS, with a decrease in the content of large-molecule products and an increase in the content of low-molecule products. More PAHs are produced as the aromatization, and polymerization reactions become more intense with the increase in pyrolysis temperature. This means that more combustible gas and coke may be involved in secondary smelting [16].




3.8. WCO-Biodiesel Pyrolysis Process


Figure 12 shows the mechanism of formation of rapid pyrolysis products of the two most dominant fatty acid methyl esters (oleic acid methyl ester and palmitic acid methyl ester) in WCO-Biodiesel. Understanding the mechanism of the pyrolysis reaction of WCO-Biodiesel under the influence of CS is an important aspect. Therefore, based on previous studies, this study investigated the mechanism of pyrolysis reactions of two major components (methyl oleate and methyl palmitate) in WCO-Biodiesel.



Previous studies have shown that when fatty acid methyl esters are cleaved at high temperatures, the main initial reaction is the direct cleavage of the C-O bond leading to the generation of CH3 radicals, and the main products of the initial reaction are long-chain fatty acids and CH4 (reactions (1), (2), (3) and (4)) [55]. C-O bonds in fatty acids break rapidly at high temperatures to form CO2 and generate long-chain linear hydrocarbons, ketones and H2O through other reactions (reactions (5) and (6)) [55,56]. The generated ketones are further converted to hydrocarbons, CO and CH4 through decarbonization reactions (reactions (8) and (10)) [23]. According to some studies, the C=C bond in the long-chain hydrocarbons obtained by reaction 5 leads to enhanced cleavage of the H2C=CH-CH2-position (β-of the double bond) of the long chain. Many short-chain hydrocarbons were obtained by β-cleavage (reaction (7)) [57]. Similarly, olefins and alkenyl groups generated through the cleavage of long-chain hydrocarbons are possible sources for the generation of aromatic and cycloalkanes [58]. Diels–Alder reaction (reaction (9)) and intramolecular cyclization reaction (reaction (14) and (17)) are the two main pathways for the formation of cyclic hydrocarbons [59,60]. The analysis of liquid products in Section 3.6 shows that the content of aromatic compounds is much higher than that of cyclic hydrocarbons, which may be due to the fact that dehydrogenation reactions are more violent than hydrogenation reactions in high-temperature environments [21]. The alkyl-substituted compounds in the liquid products of Table S1 (Supplementary Material) (e.g., Benzene, 1-ethyl-3-methyl-, Benzene, (1-methylethyl)-, Benzene, 1-methyl-4-(1-propynyl)-, etc.) are aromatic hydrocarbons obtained by alkylation reactions (reaction (20)) [53]. The alkyl polycyclic aromatic hydrocarbons (e.g., 1,4-Ethenoanthracene, 1,4-dihydro-, Naphthalene, 2-methyl-, etc.) in Table S1 are obtained by conversion of alkyl aromatic hydrocarbons through hydrogen transfer and isomerization reactions (reaction (21)–(24)) [23]. At high temperatures, the MAHs and PAHs produced by pyrolysis form coke through further polymerization and dehydrogenation (reaction (25)) [53,54].





4. Conclusions


In this study, the pyrolysis process of WCO-Biodiesel under the influence of CS is comprehensively investigated using a thermogravimetric analyzer and pyrolysis experimental system. The following conclusions were obtained: (1) The apparent activation energy (Eα) and the pre-exponential factor (A) of WCO-Biodiesel affected by CS were reduced according to the STR calculations. The empirical model was used to determine the pyrolysis mechanism function as f1(α) = α−7.328(1 − α)3.048[−ln(1 − α)]8.321 for pure WCO-biodiesel and f2(α) = α−7.208(1 − α)2.967[−ln(1 − α)]8.090 for WCO-biodiesel under the influence of CS. (2) Thermodynamic parameters (enthalpy change (ΔH), Gibbs free energy (ΔG) and entropy change (ΔS)) were calculated based on the obtained Eα, A and thermogravimetric experimental data. (3) According to the analysis of the pyrolysis gas products by GC, it was found that more combustible gases containing H are formed under the influence of CS. The analysis of pyrolysis liquid products by GC-MS revealed that only aromatic hydrocarbons are present at high temperatures. The analysis of pyrolysis coke products by SEM and Raman revealed that two types of coke products are produced at high temperatures, which differ greatly in microscopic morphology, spherical carbon particle size and chemical structure. (4) The mechanism of the pyrolysis reaction of WCO-Biodiesel at high temperature was proposed, and the pyrolysis process was found to be a complex reaction involving many reactions. The work conducted in this study will be useful information for the application of WCO-Biodiesel as a fuel in the copper smelting process.
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Figure 1. XRD analysis of CS. 
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Figure 2. Schematic layout of WCO-Biodiesel pyrolysis experimental setup. 
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Figure 3. (a,c) TG and DTG curves of WCO-Biodiesel and WCO-Biodiesel-CS blends at heating rates of 10, 30 and 50 °C/min under the influence of CS, (b,d) pyrolysis characteristic parameters. 
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Figure 4. Arrhenius plots of STR: (a) no CS, (b) with CS. 
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Figure 5. Z(α) master plots of WCO-Biodiesel pyrolysis under the influence of CS: (a) no CS; (b) with CS. 
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Figure 6. Gas, liquid and coke yields of WCO-Biodiesel at 600, 700, 800, 900 and 1000 °C: (a) no CS; (b) with CS. 
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Figure 7. (a–c,f–h) SEM images of QTW-Coke and QCS-Coke at 1000 °C; (d,e,i,j) Particle size distribution of QTW-Coke and QCS-Coke at 1000 °C. 
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Figure 8. Raman spectra and fitted bands of coke at 1000 °C: (a–c) no CS, (d–f) with CS. 
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Figure 9. Intensity ratio of the fitted bands of Raman spectra. 
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Figure 10. Effect of CS on gas products at different pyrolysis temperatures: (a) C2H6; (b) C2H4; (c) C2H2; (d) CO2; (e) CO; (f) H2; (g) CH4. 
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Figure 11. Liquid products of WCO-Biodiesel under the influence of CS at 600, 700, 800 and 900 °C: (a,b) classification of products based on their type; (c,d) classification of products based on the number of carbon atoms. 
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Figure 12. The possible rapid pyrolysis reaction mechanism of WCO-Biodiesel. 
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Table 1. Main components in CS (wt%).
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	Cu
	SiO2
	Al2O3
	CaO
	MgO
	ZnO
	S
	Fe (Total)
	Fe3O4





	17.82
	19.13
	2.96
	2.12
	1.95
	1.83
	8.07
	33.06
	12.9
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Table 2. The common kinetic reaction models [21,23].
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Reaction Mechanism

	
Code

	
f(α)

	
g(α)






	
Limiting surface reaction

	
One-dimensional

	
R1

	
  1  

	
  α  




	
Two-dimensional

	
R2

	
   2    (  1 − α  )    1 / 2     

	
   1 −    (  1 − α  )    1 / 2     




	
Three-dimensional

	
R3

	
   3    (  1 − α  )    2 / 3     

	
   1 −    (  1 − α  )    1 / 3     




	
Order of reaction

	
First-order

	
F1

	
   1 − α   

	
   − l n  (  1 − α  )    




	
1.5-order

	
F1.5

	
      (  1 − α  )    3 / 2     

	
   2  [     (  1 − α  )    − 1 / 2   − 1  ]    




	
Second-order

	
F2

	
      (  1 − α  )   2    

	
      (  1 − α  )    − 1   − 1   




	
Third-order

	
F3

	
      (  1 − α  )   3    

	
    [     (  1 − α  )    − 2   − 1  ]  / 2   




	
Exponential nucleation

	
Power law

	
P2/3

	
    (  2 / 3  )   α  − 1 / 2     

	
    α  3 / 2     




	
Power law

	
P2

	
   2  α  1 / 2     

	
    α  1 / 2     




	
Power law

	
P3

	
   3  α  2 / 3     

	
    α  1 / 3     




	
Power law

	
P4

	
   4  α  3 / 4     

	
    α  1 / 4     




	
Diffusional

	
1-D diffusional

	
D1

	
   1 / 2  α  − 1     

	
    α 2    




	
2-D diffusional

	
D2

	
      [  − l n  (  1 − a  )   ]    − 1     

	
    (  1 − α  )  l n  (  1 − α  )  + α   




	
3-D diffusional

	
D3

	
   1.5    (  1 − α  )    2 / 3      [  1 −    (  1 − α  )    1 / 3    ]    − 1     

	
      [  1 −    (  1 − α  )    1 / 3    ]   2    




	
Ginstling-Brounshtein

	
D4

	
   1.5    [     (  1 − α  )    − 1 / 3   − 1  ]    − 1     

	
   1 −  (  2 / 3  )  α −    (  1 − α  )    2 / 3     




	
Random nucleation and nuclei growth

	
Two-dimensional

	
A2

	
   2  (  1 − α  )     [  − l n  (  1 − α  )   ]    1 / 2     

	
      [  − l n  (  1 − α  )   ]    1 / 2     




	
Three-dimensional

	
A3

	
   3  (  1 − α  )     [  − l n  (  1 − α  )   ]    2 / 3     

	
      [  − l n  (  1 − α  )   ]    1 / 3     




	
Four-dimensional

	
A4

	
   4  (  1 − α  )     [  − l n  (  1 − α  )   ]    3 / 4     

	
      [  − l n  (  1 − α  )   ]    1 / 4     
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Table 3. Elemental analysis (wt%), HHV (MJ·kg−1) and fatty acid compositions (wt%) of WCO-Biodiesel.
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	Composition
	Values
	Composition
	Values





	Elemental compositions (wt%)
	
	Fatty acid compositions (wt%)
	



	 C
	70.26
	 Palmitic acid
	23.70



	 H
	11.27
	 Oleic acid
	42.27



	 O a
	17.60
	 Dinoleic acid
	29.37



	 N
	0.87
	 Linolenic acid
	2.32



	 O/C (molar ratio)
	0.25
	 Other acids
	2.34



	 H/C (molar ratio)
	0.16
	Proximate analysis (wt%)
	



	
	
	 Volatile matter
	99.91



	Higher heating value (HHV) b (MJ·kg−1)
	36.97
	 Fixed carbon
	0.09



	
	
	 Ash
	0







a By difference. b By HHV(MJ/kg) = 0.3383C + 1.443(H − O/8) + 0.0927S.













[image: Table] 





Table 4. Pyrolysis kinetic parameters of WCO-Biodiesel and blends of WCO-Biodiesel with CS at different α.
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α

	
No CS

	
With CS




	

	
Eα (kJ/mol)

	
A (s−1)

	
R2

	
Eα (kJ/mol)

	
A (s−1)

	
R2






	
STR

	
0.1

	
125.42

	
2.62 × 1011

	
0.99833

	
79.79

	
1.06 × 107

	
0.99965




	
0.2

	
172.26

	
8.68 × 1015

	
0.96171

	
63.50

	
2.45 × 105

	
0.99108




	
0.3

	
210.87

	
4.36 × 1019

	
0.99387

	
63.21

	
2.29 × 105

	
0.99775




	
0.4

	
127.79

	
4.46 × 1011

	
0.96577

	
70.78

	
1.33 × 106

	
0.99644




	
0.5

	
110.34

	
8.95 × 109

	
0.96795

	
73.47

	
2.48 × 106

	
0.98213




	
0.6

	
105.62

	
3.10 × 109

	
0.99852

	
70.30

	
1.19 × 106

	
0.98577




	
0.7

	
106.51

	
3.79 × 109

	
1

	
77.95

	
6.96 × 106

	
0.96176




	
0.8

	
105.98

	
3.36 × 109

	
0.99937

	
83.21

	
2.33 × 107

	
0.94648




	
0.9

	
106.62

	
3.88 × 109

	
0.99531

	
92.34

	
1.88 × 108

	
0.92555




	
average

	
130.16

	
4.84 × 1018

	
0.98676

	
74.95

	
2.60 × 107

	
0.97629
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Table 5. Thermodynamic parameters of WCO-Biodiesel and blends of WCO-Biodiesel with CS at different α.
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α

	
No CS

	
With CS




	

	
ΔH (kJ/mol)

	
ΔG (kJ/mol)

	
ΔS (J/mol·K)

	
ΔH (kJ/mol)

	
ΔG (kJ/mol)

	
ΔS (J/mol·K)






	
STR

	
0.1

	
121.75

	
143.03

	
−38.11

	
76.02

	
143.74

	
−122.37




	
0.2

	
168.36

	
141.55

	
48.02

	
59.53

	
144.80

	
−154.06




	
0.3

	
206.77

	
140.61

	
118.49

	
59.08

	
144.82

	
−154.90




	
0.4

	
123.48

	
142.94

	
−34.85

	
66.52

	
144.30

	
−140.53




	
0.5

	
105.92

	
143.62

	
−67.53

	
69.12

	
144.12

	
−135.52




	
0.6

	
101.14

	
143.82

	
−76.46

	
65.91

	
144.33

	
−141.67




	
0.7

	
101.95

	
143.78

	
−74.92

	
73.48

	
143.85

	
−127.14




	
0.8

	
101.37

	
143.81

	
−76.00

	
78.68

	
143.55

	
−117.21




	
0.9

	
101.97

	
143.78

	
−74.88

	
87.75

	
143.07

	
−99.95




	
average

	
125.86

	
142.99

	
−30.69

	
70.68

	
144.06

	
−132.59
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