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Abstract

:

This paper aims at investigating the production of high quality briquettes from olive mill solid waste (OMSW) mixed with corn starch as a binder for energy production. For this purpose, different mass percentages of OMSW and binder were considered; 100%-0%, 90%-10%, 85%-15%, and 70%-30%, respectively. The briquetting process of the raw mixtures was carried out based on high pressures. Physico-chemical and mechanical characterizations were performed in order to select the best conditions for the briquettes production. It was observed that during the densification process, the optimal applied pressure increases notably the unit density, the bulk density, and the compressive strength. Mechanical characterization shows that the prepared sample with 15% of corn starch shows the best mechanical properties. Moreover, the corn starch binder affects quietly the high heating value (HHV) which increases from 16.36 MJ/Kg for the 100%-0% sample to 16.92 MJ/Kg for the 85%-15% sample. In addition, the kinetic study shows that the binder agent does not affect negatively the thermal degradation of the briquettes. Finally, the briquettes characterization shows that the studied samples with particles size less than 100 μm and blended with 15% of corn starch binder are promising biofuels either for household or industrial plants use.
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1. Introduction


Biomass feedstocks are recognized as a green energy source since their use for biofuels production could minimize significantly the greenhouse gaseous emissions generated by fossil fuels consumption [1,2]. Indeed, different alternative solid biofuels such as pellets [3,4], briquettes, or logs [5,6,7] can be produced from different biomass resources. These alternative fuels could be used for various thermochemical conversion processes including pyrolysis, combustion, and gasification [7,8,9,10]. In addition, liquid alternative biofuels such as biodiesel and bioethanol can be synthesized using biochemical conversion and extraction techniques [11,12]. Hence, biomass resources coming from agricultural residues, plants, and agri-food by-products are still considered as important bioenergy sources [13,14]. Indeed, after coal and oil the biomass occupies the third place in the energy mapping worldwide [15]. Since the olive mill solid waste (OMSW) is abundant in the Mediterranean basin, leader countries such as Spain, Italy, Greece, and Tunisia have the advantage of valorizing this lignocellulosic biomass type for the energy recovery. It is to be highlighted that the OMSW is produced in an inhomogeneous phase and composed by two or three components (pulp, pits, and olive mill wastewater) depending on a two/three-phase separation process [16,17]. Furthermore, the OMSW composition (organic and inorganic compounds) varies significantly according to the soil cultivation, the rainfall, the degree of ripening, the olive variety, the climatic conditions, the use of pesticides and fertilizers, and also to the trees aging [18,19].



In order to increase the bulk density, the densification process is highly recommended. This technique will not increase only the energy density of pellets/briquettes or logs, but also permit their easy handling, loading, transportation, and storage [20,21]. In addition, for improving the mechanical properties of these solid biofuels it is highly recommended to add carefully other materials as binders such as molasses, starch, and tars [22]. The binder agent is expected to influence certain mechanical properties such as the mechanical strength, the high or low resistance to the compressions, and the low friability index [23]. However, it is necessary to select a binder that could not affect negatively the HHV, the volatile, and the ash contents.



In the literature, few studies have examined the (OMSW) briquetting [24]. Although the availability of these studies, the difference in OMSW characteristics, encourage researchers from each country to conduct their own research in order to optimize the conversion of these wastes into biofuels. Therefore, this investigation is focused on the optimization of the OMSW based briquettes preparation when using a natural binder. The optimized production conditions are selected after the Physico-chemical and mechanical properties determination according to standard methods.




2. Materials and Methods


2.1. Materials Preparation


The OMSW was collected from the Zouila Company (Mahdia, Tunisia) specialized in the second extraction of residual oil in raw OMSW and soap manufacturing situated in the region of Mahdia (Tunisia). Initially, the (OMSW) was dried and the residual oil (3%–5%) was extracted. The raw OMSW can be separated into olive pomace (OP) and olive pits (seeds). It is worth noting that only OP was used in this present study. Before, the densification stage, the raw biomass particles was grinded and sieved into finer particles (<100 μm) in order to ensure more homogeneity. For this purpose, a Hommer Coeffe and spice Grinder mill (Serial N°. 011. 037. 001; ARTNO: 11. 37. 1) was used. Different machines and techniques for the compaction process can be used such as the pelletizing machines, the piston press machines, the screw press, and the roller press machines. All these technologies involve the application of attractive forces between individual particles, formation of solid bridges, capillary pressure, interfacial forces, adhesive and cohesive forces, and mechanical interlocking bonds [23]. As it was reported in the literature, the reduction of the particle sizing increases the material porosity and the number of contact points for inter-particle bonding in the compaction process [25]. Furthermore, the smaller the particle sizes of sample, the lower the relative change in the length of samples as it was mentioned [26]. Hence, the obtained powder of OP was mixed with the corn starch for different mixture compositions; 100%-0%, 90%-10%, 85%-15%, and 70%-30%, respectively. Figure 1 shows the OMSW dried, the corn starch binder and their mixture in the composition 85%-15%. It is to be highlighted that added water to the mixture (up to around 20% moisture dry basis) is preferred in order to produce cohesive forces between the particles which favorite the agglomeration.




2.2. Densification and Briquettes Production


The thermal-mechanical press process is based on Gottfried Joos Maschinenfabrik GmbH & Co. machine (Stuttgart, Germany). The KG type LAP-100 with limit compression capacity of 1000 kN was chosen for briquettes production. This machine was associated to a specific mold composed of eight cylindrical imprints as it is shown (Figure 2). Every time, the cavity of the imprints should be fulfilled with the same quantities of the mixture and should be leveled off at the top to obtain a smooth surface. The moving down base of the pressing machine rises up the mold. The equipment was placed under a fixed pressure via the control valve for an optimal residence time of 15 min until obtaining the desired briquettes. The machine was wrapped with a heating element for working at a desired temperature. In this case, the samples were prepared at a low temperature of 38 °C in order to forbidden any migration of the extractives such as the residential oil or other low molecular weight molecules to the particle surface and also, to prevent the adhesion mechanisms of the Van der Waals forces causing low briquettes strengths [27]. In order to test the pressure effect on the samples, three pressures values; 100, 125, and 150 MPa were considered. The temperature was maintained at 38 °C for a residence time of 15 min according to the literature data for the commercial pelletization [28]. After the densification process, the obtained wet briquettes were extruded and dried during two weeks at the laboratory conditions (the temperature room was 28 ± 3 °C). Moreover, the densification process depends not only on the particle sizes, the fiber strength of the material, the abrasive components, but also on whether we use or not an additive binder. That is why different briquettes composed of different blends of OP and corn starch were produced. It is to be highlighted that the briquetting process uses different apparatus by comparison to the pelletizing process. Indeed, with briquettes we can go more with the pressure under which samples were prepared. However later, during the energy conversion, pellets give us more freedom for using combustion chambers with different geometries and different feeding systems than briquettes which are more suitable for fixed bed chambers.




2.3. Proximate Analysis


The proximate analysis of the prepared samples was conducted following the thermogravimetric analysis (TG) technique by using the thermal analyzer NETZSCH, model STA 449 F3, Jupiter (STA 449 F3, NETZSCH-Gerätebau GmbH, Selb, Germany) Hence, about 50 mg of each sample should be placed in a platinum. First, the initial temperature of 29 °C was maintained for 10 min, and then the samples were heated up to 950 °C at a constant heat rate of 10 °C.min−1 under an inert atmosphere of nitrogen with a flow rate of 79 mL/min after reaching the maximum temperature. After that, the temperature should be decreased to 550 °C with a heating rate of 40 °C·min−1. Thereafter, an oxidative atmosphere by supplying 21% oxygen flow rate was supplied. This protocol, allows extracting from the TG curve, moisture, volatiles matters (VM), fixed carbon (FC), and ash contents.



The high heating value (HHV) is the amount of heat released when the sample fuel is completely burnt with oxygen in a calorimeter bomb. For this goal, the HHV was determined based on the ASTM D5865 standards. The parr 1341 oxygen bomb calorimeter was first calibrated using a standard sample of benzoic acid whose known calorific value is 26.4 kJ/kg. A mass of about 1g of the different samples should be used. The bomb should be fulfilled of oxygen under 30 bars. By measuring the variation of temperature, the HHV can be calculated using the following expression:


  HHV =   W Δ T −  e 1  −  e 2  −  e 3   m   



(1)




where ΔT is the net temperature rise, W is the equivalent energy of the calorimeter determined under standardization, e1 represents the correction (in calories) for the heat of formation of nitric acid (HNO3), e2 represents the correction (in calories) for heat of formation of sulfuric acid (H2SO4), e3 corresponds to the correction (in calories) for the heat of combustion of the fuse wire, and m is the weight of the tested sample.




2.4. Measurement of the Compressive Strength


The compressive strength is a significant parameter in the evaluation of the solid biofuels. This parameter is in relation with the rigidity and durability which make the biofuels storage easier [29]. In order to evaluate the compression resistance as a function of the applied pressure on prepared samples using the Lloyd Instruments (EZ20, AMETEK Company, Berwyn, UK), tests were conducted with the load speed of 1 mm/min [30]. The flat surface of the briquette sample should be placed on the horizontal metal plate of the machine. Then, an increased load is applied at a constant rate until reaching the sample’s break. The maximum crushing load force that a briquette can withstand before cracking or breaking corresponds to the so-called compressive strength [27,31].





3. Results and Discussions


3.1. Compressive Strength Measurement


Figure 3 shows that the load required to the briquettes rupture for different binder ratios is significantly different. Table 1 exhibits the compressive strength of biomass briquettes produced at different pressure levels and different binder contents. Indeed, the compressive strength exhibits maximum of 4015 and 4581 kN in the case of the 85%-15% sample when imposing 125 and 150 MPa, respectively. Moreover, it is very remarkable that the compressive strength falls significantly when increasing the binder content (30%) in the samples. This result proves that the starch corn gets its maximum efficiency at 15%. Moreover, for the 100 MPa imposed pressure, the 100%-0% sample shows the highest compression strength (1581 kN) and on the contrary the compressive strength decreases significantly when increasing the binder percentage.




3.2. The Unit Density and the Bulk Density Measurements


Table 2 presents the unit density and the bulk density values of the different briquettes types when prepared at different binder percentages and at different pressure values. The unit density is the averaged ratio of the mass by the volume of each sample. Given that the briquettes are cylindrical, we should determine the mass, the radius, and the height of each sample then, by simple calculation the unit density is calculated as:


   ρ u  =  m V   



(2)







However, the bulk density is calculated as the ratio of the briquettes mass when fulfilling a container whose volume is known and proceeding conformingly to the CEN TS15103 standard method [32]. Results indicate that the unit density values of our samples are ranging between 2.04 and 3.7 kg/dm³. These values seem to be relatively high. This can be explained by the effect of the small particle size, the low moisture content, and also by the high applied pressure [20]. Moreover, the effect of the imposed pressure on the briquettes density is foreseeable when evolving from 100 to 150 MPa. In addition, when increasing the percentage of the binder from 10% to 30% the briquettes unit density grows from 2.8 to 3.0 kg/dm³ in the case of 150 MPa imposed pressure, whereas, the briquettes bulk density exhibits a small increase from 0.95 to 1.10 kg/dm3 and 1.20 kg/dm3 as a maximum value for the 85%-15% sample. This can be explained by the fact that the corn starch particles might have played an important role in fulfilling the void between the particles which increases the inter-particle bonding. Fortunately, the unit density values of the two briquettes types are higher than the minimum value (1.12 Kg/dm³) claimed by the European standard EN14961-2 during the household use [33].




3.3. High Heating Value Measurement


Table 3 shows the proximate analyses of the prepared briquettes compared with those reported in the literature for other biomass fuels. It can be noticed that the ash content decreases due to the blending operation from 9.49% to 6.72%, but remains relatively higher than the acceptable limit (5%) of European standards. However, the produced ash by combustion for example can be reused for the brick manufacturing. Indeed, the addition of this ash type to bricks preparation helps in terms of reducing thermal conductivity, as it was stated by Eliche-Quesada and Leite-Costa [34]. Moreover, the 85%-15% sample exhibits quite an increase for the HHV which remains within the range of European norms (>16.5 MJ.kg−1) [35]. This can be justified by the quite increase of the VM content during the binder addition [36].



Table 3 also reported the proximate analysis of different biomass from the literature. We remark that the HHV of our prepared samples are lower than the HHV of the pulp (dry basis) or the pomace (except the very wet pomace with 49% moisture content). This may be due to a higher proportion of oxygen and hydrogen, and less carbon. Indeed, Munir et al. [37] found that the amount of energy contained in carbon–oxygen and carbon–hydrogen bonds is lower than in carbon–carbon bonds. The higher oxygen content in the biomass indicates that it will have a higher thermal reactivity than the other biomass [38]. Moreover, Chouchene et al. [39] tested the influence of particle size on combustion properties. They concluded that the more the particles were small, the more they were reactive. In addition, samples having less than 0.5 mm size released a high quantity of volatile matters which is in accordance with the low quantity of produced char. However, the residual ash amounts left during the oxidative pyrolysis of the olive solid wastes increase when decreasing the particle size [40]. Furthermore, using small particle sizing induces no temperature gradient leading to heat transfer limitations [40].




3.4. Thermogravimetry Analysis


Figure 4a shows the TG curve as a function of time obtained during slow pyrolysis and followed by the char oxidation for both samples 0%-100% and 85%-15% prepared at 150 MPa, respectively. Figure 4b corresponds to the TG curve as a function of temperature during only the pyrolysis process. Figure 4a can be divided into three steps: The first step corresponds to a mass loss representing mainly the moisture evaporation up to 120 °C. The second step characterizes the devolatilization zone in which the volatiles organic compounds (VOC) are released from the hemicelluloses and a part of the lignin thermal degradation followed by the cellulose degradation. The VOC gas mixture is mainly composed by CH4, CO2, CO, H2 and some traces of other CnHm. The second step ended by the rest of lignin degradation yielding to the char formation which is a mixture of fixed carbon and ash. The final step (Step 3 on Figure 4a) corresponds to the char oxidation when injecting oxygen and the temperature is fixed equal to 550 °C. This step ends when obtaining only ash. The obtained curve presents the same behavior as similar works reported in the literature [17,45,46].



Figure 5 exhibits the derivative versus time of TG curves called (DTG) curves. These curves correspond to the thermal degradation under inert atmosphere of the 100%-0% and the 85%-15% samples respectively. Each one of the superposed curves shows fourth peaks with a different maximum rate of mass loss. The first peak corresponds mainly to the moisture release. Moreover, it can refer to an early stage of residual oil evaporation and light VOC degradation (below 200 °C) [47]. The second one, which is more intense occurring between 200 and 350 °C, is attributed to the hemicelluloses and cellulose degradation. In the present case, the thermal degradation of cellulose dominates the chemistry of pyrolysis (the cellulose content can be three times that of hemicelluloses; 42% and 14%, for example) [48,49]. This causes the replacement of the peak corresponding to the hemicelluloses by a shoulder (observed at the vicinity of 270 °C in our case).



A similar result was reported by Ghouma et al. [46]. They observed two peaks occurring at 267 and 337 °C corresponding to the thermal decomposition of the hemicelluloses and the cellulose. The third peak appearing at about 425 °C corresponds to the lignin and cellulose thermal degradation [50]. The final peak, occurring at the vicinity of 708 °C, is attributed to the rest of the lignin thermal degradation. Indeed, the lignin thermal degradation is in reality widely spread between 433 and 900 °C [51]. More precisely, serial shoulders have been seen for the Xylan pyrolysis in the range of 350 and 550 °C, and can be attributed to the remaining lignin [52]. It is to be highlighted that the second peak observed for the 85%-15% sample near 295 °C corresponds to the corn starch material. The Pyrolysis process corresponding to the decomposition of the hemicelluloses, the cellulose, and the lignin yields to the char formation. This remaining char will be oxidized in the following step. Indeed, during the char oxidation at 550 °C, the increased porosity of the char particles permits more diffusion of the oxygen. Therefore, the readily combustible part of lignin could react with the diffusing oxygen, even though the reactivity of lignin was low [53].




3.5. Mean Reactivity during Pyrolysis and Char Oxidation


Taking into consideration the fact that the peak intensity is directly proportional to the reactivity RDTG [54], while the corresponding temperature is inversely proportional to the reactivity TDTG [55], the mean reactivity RM of each sample can be easily calculated, when considering all peaks and shoulders appearing on the DTG curves, using the following expression:


   R M  = 100    ∑   R  DTG      T  DTG      



(3)







As it is mentioned in Table 4, the 85%–15% sample for which the DTG curve exhibits the highest value displayed the highest reactivity. This may be due to the increase of the surface area, and therefore to a higher concentration of carbon active sites per unit weight. The effect of the heating rate was previously studied [46]. Moreover, as it was stated by Qiang et al. [56] and Tenfei et al. [57], the use of binder in pellets preparation ensures lower ignition temperature, wider temperature interval, and higher oxidation activity. More precisely, when using lignin and Ca(OH)2 the produced pellets show lower compression energy consumption, moisture uptake, enhanced mechanical strength, and promoted combustion performance. It was found that a high heat flux in a high heating regime intensified the Boudouard reaction, while delayed the thermal decomposition of the studies biomass. This is may be due to the combined effects of the heat transfer at the different heating rates and also to the kinetics of gasification. In fact, with the low heating rate (10 °C·min−1) in this study, the initial reaction temperature and the maximum gasification rate were decreased compared to other reported studies [55]. It is necessary to point out that the yield of carbon monoxide produced did not change significantly [55].




3.6. Kinetic Study and Pyrolysis Parameters Determination


The kinetic study of the pyrolysis process for both studied samples (100%-0% and 85%-15%) was carried out on the hypothesis where the solid-state material was heated at a constant heating rate;   β =   dT   dt     equal to 10 K min−1. This condition was widely considered in the literature [4,32,46,58,59]. This technique uses the combined kinetics three-parallel-reaction (CK-TPR) model. In the present study, a single step reaction mechanism (Equation (4)) was assumed to describe the pyrolysis kinetics of the lignocellulosic biomass. Isoconversional methods are believed to estimate the apparent activation energy (E) and the pre-exponential factor (A), when the rate of the mass loss is related to the mass and to the temperature according to Equation (5).


  Biomass →  volatile   gas  + char  



(4)






   d α  / dT = K  ( T )  ⋅ f  ( α )  =  A β  ⋅ exp  (    −  E a    RT    )     (  1 − α  )   n   



(5)




where A denotes the pre-exponential factor (s−1), Ea is the activation energy (kJ/mol), R is the ideal gas constant (R = 8.31 J·mol−1·K−1), T is the temperature (K), t is time (s), α is the conversion rate varying between 1 and 0, and n is the reaction order.



The distributed activation energy model (DAEM) assumes infinity irreversible first order reactions (f(α) = 1−α) happening independently during the solid-state pyrolysis [60]. Moreover, based on the Coats-Redfern method, Equation (5) could be written as the following [61]:


  ln  (    − ln  (  1 − α  )     T 2     )  = ln  (     A   R       β   E   a     )  −    E a     R   T     



(6)







Figure 6 shows the variation of   Y = ln  (    − ln  (  1 − α  )     T 2     )    versus   X =  1 T   . It is to be noticed that an increase of temperature yields to an increase of Y. This result is may be due to the change in pyrolytic mechanisms so that different stages could be observed with the two sample types (100%-0% and 85%-15%) [58]. The apparent activation energy (Ea) and the pre-exponential factor (A) were calculated using the slopes of the linear trends of the curve and all results were consigned in Table 5.



Table 5 shows that the activation energy of the 85%-15% sample for different pyrolysis steps were 20.94, 34.93, and 4.94 kJ·mol−1. The activation energy reaches its maximum during the hemicelluloses and cellulose decomposition. It was concluded that the activation energies present relatively low values, which could be due to the small particle, so that the pyrolysis reactions start at low temperatures. The 85%-15% sample presents a less range of temperature during the decomposition of the three main components than the 100%-0% sample, and this is the reason of the higher reactivity [62]. Moreover, we can notice that, when moving from the first to the second stage, the temperature increases and the activation energy takes a maximum value. At this stage the higher activation energy refers to the diffusing effect of volatiles and gas. Then, when moving from the second to the third stage it is notable that the activation energy decreases. This means that the chemical reaction becomes easier. Similar trends of this activation energy evolution were reported in the literature [63].





4. Conclusions


In this work, we studied the mechanical properties and the thermal-chemical properties of biofuels briquettes. Two sorts blended with a natural binder and non-blended briquettes were densified under a high pressure. The results we obtained show that the briquettes produced from olive pomace blended with corn starch as a binder can be densified into high quality briquettes showing acceptable parameters for a future thermal use. Indeed, the proximate analysis of the prepared briquettes, show less moisture contents. Moreover, the addition of corn starch as a natural binder conducts an improvement on the sample’s compressive strength, as well as to a reduction of the ash content and to a quite increase of the high heating value. TG tests were carried out followed by a kinetic study for the two samples 100%-0% and 85%-15%. We concluded that the binder increases the thermal degradation of the briquettes during the nonisothermal pyrolysis, while increasing the activation energy. Next, a numerical simulation and modeling of the combustion of pyrolysis VOC in a cocurrent reactor will be conducted using the OpenFOAM software (18.12+, OpenCFD Limited, Bracknell, UK).
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Figure 1. The used materials for the briquettes preparation: (a) Olive pomace, (b) corn starch, and (c) the mixture 85%-15%, respectively. 
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Figure 2. The used mould die for the briquetting process. 
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Figure 3. Variation of the load as a function of the displacement. 
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Figure 4. (a) TG curve of the 85%-15% and 100%-0% briquettes as a function of the time during pyrolyis step followed by the char oxidation (Step 3); (b) TG curve of the 85%-15% and 100%-0% briquettes as a function of the temperature during only pyrolysis step. 
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Figure 5. DTG evolution as a function of the temperature. 
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Figure 6. Kinetic analysis during the thermal decomposition of the 85%-15% and 100%-0% samples. The activation energy is calculated from the slope of linear trends. 
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Table 1. Compressive strength of biomass briquettes produced at different pressure levels and different binder contents.
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Pressure (MPa)

	
100

	
125

	
150




	
Binder (%)

	
0

	
10

	
15

	
30

	
0

	
10

	
15

	
30

	
0

	
10

	
15

	
30




	
Compressive Strength (kN)

	
1581

	
1039

	
775

	
626

	
1506

	
1770

	
4015

	
130

	
1557

	
2090

	
4581

	
863
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Table 2. Unit and bulk density of biomass briquettes produced at different pressure and different binder contents.
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Pressure (MPa)

	
100

	
125

	
150




	
Binder (%)

	
0

	
10

	
15

	
30

	
0

	
10

	
15

	
30

	
0

	
10

	
15

	
30




	
Unit Density (kg/dm3)

	
2.04

	
2.83

	
2.81

	
2.31

	
2.41

	
2.40

	
2.47

	
*

	
2.77

	
2.84

	
2.95

	
3.03




	
Bulk Density (kg/dm3)

	
0.84

	
0.86

	
0.88

	
0.84

	
0.92

	
0.93

	
0.95

	
*

	
0.95

	
0.98

	
1.20

	
1.10
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Table 3. Proximate analysis of prepared samples and others from literature.
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	Biofuels
	VM (%wt)
	FC (%wt)
	Moisture (%wt)
	Ash (%wt)
	HHV (MJ/kg)





	100%-0% (w.b.)
	61.86
	18.75
	9.88
	9.49
	16.36



	85%-15% (w.b.)
	64.65
	18.39
	10.44
	6.72
	16.92



	Pulp [41] (d.b.)
	79.10
	15.30
	6.5
	5.60
	23.39



	OP [42] (d.b.)
	65
	29.6
	10
	5.4
	*



	Dry OP [43] (d.b.)
	86.71
	7.48
	4.52
	5.81
	19.88



	Wet OP [44] (d.b.)
	42.35
	7.79
	49.02
	0.84
	5.70







w.b.: wet basis; d.b.: dry basis.
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Table 4. Determination of the mean reactivity of the biofuels during the pyrolysis and the char combustion.
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Samples

	
Thermal Degradation

	
Peaks of Temperature (°C)

	
RDTG (mg·min−1)

	
RM (%.min−1·°C−1)






	
100%-0%

	
Pyrolysis

	
118-180-329-398-448-

	
0.896-0.176-2.582-0.672

	
0.897




	
Char Combustion

	
537-544-548

	
0.636-0.635-0.590

	
0.228




	
85%-15%

	
Pyrolysis

	
102-180-295-319-458-707-882-904-902

	
1.039-0.167-2.149-2.460-0.424-0.182-0.108-0.043-0.028

	
1.199




	
Char Combustion

	
593-568-552

	
0.660-0.661-0.598

	
0.227
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Table 5. Kinetic parameters determination during the nonisothermal pyrolysis.
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Samples

	
Range of Temperature (°C)

	
Linear Equation

	
Ea (kJ·mol−1)

	
A (min−1)






	
85%-15%

	
54–126

	
   f  ( x )  = − 2518.82 x − 7.707   

	
20.94

	
11.32




	
135–225

	
   f  ( x )  = 343.72 x − 14.85   

	
n.d.

	
n.d.




	
230–353

	
   f  ( x )  = − 4201.99 x − 5.98   

	
34.93

	
106.26




	
360–438

	
   f  ( x )  = − 595.3 x − 11.77   

	
4.94

	
0.05




	
100%-0%

	
60–134

	
   f  ( x )  = − 2232.08 x − 8.47   

	
18.55

	
4.38




	
151–225

	
   f  ( x )  = 376.062 x − 14.93   

	
n.d.

	
n.d.




	
235–368

	
   f  ( x )  = − 3895.77 x − 6.558   

	
32.38

	
55.27




	
378–498

	
   f  ( x )  = − 898.09 x − 11.3   

	
7.46

	
0.11








n.d.: not dtermined














© 2020 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/).






media/file4.png





nav.xhtml


  energies-13-01214


  
    		
      energies-13-01214
    


  




  





media/file2.png





media/file5.jpg
Load (kN)

1

15 2 25
Movement (mm)

3

35





media/file3.jpg





media/file1.jpg





media/file7.jpg
®)





media/file10.png
DTG (%/min)

>
4
................ 85-15%
100-0%
3
2
1
0

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





media/file12.png
-13
-14

100-0%
45 0 & 85-15%
-16
-17

0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
X





media/file9.jpg
0 100 200 300 400 500 600 700 800 900
Temperature (°C)





media/file0.png





media/file8.png
Mass loss (%)

120 120

100 100
\ —— 100-0% .
- Step 1 moimen il E00E __ 80 Stepl
F
60 £ o0
Step 2 g
40 = %
S et
20 \ Step3 20
0 0
0 20 40 60 80 100 120 140 160 180 200 0 100 200 300 400 500 600 700 800 900 1000
Time (min) Temperature (°C)

(a) (b)





media/file11.jpg
-17
0.0005

0.001

0.0015

0.002
x

0.0025

0.003

0.0035





media/file6.png
Load (kN)

100-0%

----- -90-10%

0 0.5 1 1.5 2 2.5

Movement (mm)

3






