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Abstract

:

Achieving carbon neutrality and alleviating the rural energy predicament are crucial aspects in rural areas, particularly in the severe cold regions of northeast China. Pellets serve as clean, renewable energy sources and are ideal alternative fuels. This study investigated the influencing factors and effects of mixed raw materials in ultrasonic vibration-assisted pelleting (UV-A pelleting). Rice straw and corn stover were mixed to produce pellets, and a central composite rotatable design (CCRD) was conducted to analyze the variables and their interactions on pellet density and durability. Mathematical regression models for pellet density and durability were established and then validated through ANOVA analysis. The results showed that all variables significantly affected the density and durability of pellets. The mixing ratio had a greater impact on pellet durability compared to density due to differences in ingredients. The optimal combination of process parameters included a mixing ratio of 25%, molding pressure of 4 MPa, pelleting time of 37 s, and ultrasonic power output at 200 W, resulting in a pellet density of 1301.18 kg/m3 with a durability reaching 94.26%. The desirability value (0.997) under these optimal conditions confirmed the validity of the models; further experiments also verified their effectiveness. The combustion of the optimized pellet was analyzed using thermogravimetric (TG) and derivative thermogravimetric (DTG) analysis in an air atmosphere. Four combustion stages and ignition temperature were provided.
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1. Introduction


The efficient utilization of agricultural residues as a high-quality resource is an integral component of China’s 2030 carbon peak action plan. The biomass resources in China possess significant storage capacity, a wide range of types, extensive sources, and robust sustainability [1]. According to estimates, the total amount of agricultural residues that can be collected in China is approximately 876 million tons [2]. The theoretical yield of straw in northeast China exceeds 190 million tons per year [3]. One of the traditional treatments of straw is mostly pulverized and returned to the field. Due to the slow degradation rate of straw in cold climates [4], it generally takes 2 years to degrade completely under deeply buried conditions. Returning straw to the field for many years leads to the increasing accumulation of straw in the soil, which is turned over to a shallow soil layer during the preparation of the land, resulting in frequent blockage or seeds being sown into the straw, which greatly reduces the emergence rate. As the northeast is a high-cold region, regional fuel utilization is important, which can not only effectively solve the current energy crisis [5] but also avoid the adverse impact on the environment caused by straw burning in the field and waste on the spot and promote the construction and development of beautiful rural areas [6].



Compared to biochemical conversion and thermochemical conversion, pellets are a more cost-effective biofuel for their uniform shape, convenient storage, transportation, and simple production process [7,8,9]. Conventional methods employed for pellets production encompass screw extrusion, piston press, and ring die techniques [10,11,12]. According to the differences in process characteristics, it can be divided into hot-pressing molding and room-temperature molding. The factors affecting pellets can be divided into two aspects. One is the characteristics of the raw materials, mainly including the type, the particle size, and the water content. The other is process parameters, mainly including molding pressure, time, temperature, and binder.



In the traditional method, the heat generated by the resistance wire or friction causes the material to undergo softening and bonding under external force, resulting in the formation of pellets. Wear, tear, and high energy consumption were inevitable in the process. The primary solutions were to reduce raw material particle size and soften lignin by increasing the heating temperature or adding a binder to decrease wear and energy consumption. However, the effect is not ideal. The limitations of traditional molding equipment have greatly hindered the improvement of pellet quality. To address these issues, the concept of ultrasonic vibration-assisted pelleting (UV-A pelleting) was introduced to produce pellets at room temperature without the need for high pressure or additional adhesive [13,14,15]. This approach significantly reduced wear and energy consumption. Zhang et al. [15] discovered that increasing ultrasonic power resulted in higher density and durability of wheat straw pellets. A predictive model for pellet density using response surface methodology (RSM) was developed specifically for UV-A pelleting of wheat straw [16]. Furthermore, corn stover pellets produced through UV-A pelleting exhibited comparable density and durability to those made by ring-die pelleting [17].



However, previous research primarily focused on single raw materials such as sorghum stalks, wheat stalks, and corn stover. The molding process varied due to differences in cellulose content, lignin content, and other components among different types of raw materials used. Therefore, it remained unclear how mixed raw materials would perform in UV-A pelleting for pellet production. Thus, the primary objective of this study was first to seek the feasibility of mixing corn straw with rice straw for producing pellets using UV-A pelleting technology while analyzing their physical properties. Secondly, optimal conditions were determined to achieve higher pellet density and pellet durability. Lastly, the combustion of the optimized pellet was analyzed using thermogravimetric analysis (TG) and derivative thermogravimetric (DTG).




2. Materials and Methods


2.1. Materials and Experimental Setup


The materials used in this study were corn stover and rice straw obtained from the experimental field of Heilongjiang Bayi Agricultural University. After undergoing natural drying, the raw materials were cut into small sections and then milled into particles less than 2 mm using a high-speed multi-functional crusher (Model YB-1000, Jinhua, China), as shown in Figure 1. Elemental analysis and major chemical components of corn and rice straw are shown in Table 1 and Table 2, respectively. The moisture content of the particles was adjusted to 10% with distilled water [18]. The mixing ratio for pellet production was determined based on the quality of rice straw and corn straw.



The experimental setup for UV-A pelleting was provided by Bayi Agricultural University. Figure 2 illustrates the ultrasonic-assisted molding device, which had an ultrasonic power of 500 W that could be adjusted from 20 to 100% and a hydraulic system pressure ranging from 0 to 7 MPa. The electrical energy is converted into mechanical vibration energy through the ultrasonic generator, transducer, and amplitude transformer in the molding process, resulting in a corresponding thermal effect. Consequently, the raw material under the tool undergoes absorption and conversion into heat energy, ultimately leading to the pellets due to the extrusion force provided by the hydraulic system. The diameter of the pelleting tool and aluminum mold were measured at 16 mm and 16.5 mm, respectively. Each time, approximately 1.5 g of mixed materials were loaded into the mold and compressed into pellets using a titanium tool.




2.2. Experimental Design


The relative contributions of the variables and their interactions on pellet density and pellet durability were investigated through a central composite rotatable design (CCRD). The experimental variables and their levels utilized in this study are listed in Table 3. The experimental data were analyzed using Design-Expert (version 12), and response surface graphs depicting the relationships between variables and responses were generated through RSM. To maximize pellet density and pellet durability, the optimization function in Design-Expert was employed to determine the optimal conditions [1].




2.3. Pellet Density and Durability Test Methods


The density of a pellet was determined by calculating the ratio of its mass to its volume. To assess pellet durability, five pellets were weighed, and the initial weight was recorded as m1 (g). Subsequently, they were placed in a pellet durability tester that tumbled them at a rotation speed of 50 rpm [19]. The pellets were then sieved using a No.6 U.S. sieve [20], and the weight of the retained pellets on each sieve was recorded as m2. Pellet durability was calculated by dividing m2 by m1 (g) [12].




2.4. Thermogravimetric Analysis


TG and DTG were used to analyze the combustion performance of the optimized pellets. The experiments were carried out in a thermogravimetric analyzer (HTG-1, Beijing Hengjiu experimental equipment Co., Ltd., Beijing, China). After reaching the preset temperature, 10 mg pellet powder was paved uniformly in an Al2O3 ceramic crucible, and the sample was heated from 30 °C to 600 °C under the heating rate of 10 °C/min in an air atmosphere. The temperature was measured by a K-type thermocouple located under the crucible, and the data were recorded in real-time.





3. Results and Discussion


The experimental results obtained from RSM are presented in Table 4. Subsequently, an analysis of variance (ANOVA) was conducted to fit the experimental data to second-order polynomial models, as demonstrated in Table 5.



The models for pellet density and durability showed high significance (p < 0.0001), while the lack-of-fit test yielded insignificant results, indicating a good fit between the models and experimental data. The coefficient of determination (R2) for pellet density was 0.9677. The predicted R2 value (0.8488) is reasonably consistent with the adjusted R2 value (0.9375). The coefficient of variation (C.V.) and Adeq Precision (AP) values acquired in this study were 0.7468% and 18.7995, respectively. The C.V. was less than 10%, and the AP was higher than 4, which suggested that the regression model for pellet density exhibited good precision in predicting the experimental results [21]. Furthermore, the comparison between the experimental data and the predicted values for density verified the reliability and accuracy of the quadratic regression model for pellet density, as depicted in Figure 3.



ANOVA analysis presented in Table 3 indicated that molding pressure, pelleting time, ultrasonic power, and the interaction of pelleting time and mixing ratio had extremely significant effects on pellet density at the statistical level of p < 0.01. The mixing ratio, the interaction of molding pressure, and pelleting time had a significant effect at the statistical level of p < 0.05. After eliminating the items with p-values exceeding 0.05, Equation (1) was derived to represent the response surface model for pellet density.


     y   1   =  378.77 + 9.95    x   1    + 111.07    x   2    + 12.27    x   3    + 2.66    x   4   − 0.069   x   1     x   3   − 0.52   x   2     x   3   − 0.11   x   1   2      − 11.08   x   2   2   − 0.18   x   3   2   − 0.0061   x   4   2     



(1)







A similar method was used to analyze pellet durability. The ANOVA indicated that the values of R2 and Adj-R2 for pellet durability were 0.9365 and 0.8773, respectively. Meanwhile, the values of C.V. and AP obtained herein were 2.08% and 14.1665, respectively. The accuracy of the model was further validated by conducting a comparison between the experimental data and the predicted values for pellet durability, as depicted in Figure 4. The uniform points distributed around the diagonal line verified a reasonable prediction for pellet durability. All parameters, including the interaction between mixing ratio and molding pressure and mixing ratio and ultrasonic power, had a significant impact on pellet durability. After eliminating the items that were not statistically significant, Equation (2) was derived to represent the response surface model for pellet durability.


    y   2   = −  52.60 + 1.95    x   1    + 14.84    x   2    + 1.38    x   3    + 0.67    0 x   4   − 0.18   x   1     x   2   − 0.0035   x   1     x   4   − 0.015   x   1   2   − 0.013   x   3   2   − 0.0011   x   4   2    



(2)







3.1. Interaction Effects on Pellet Density


The interaction effects of pelleting time and mixing ratio, as well as pelleting time and molding pressure on pellet density, were analyzed, as illustrated in Figure 5. Figure 5a was obtained at a molding pressure of 3 MPa and ultrasonic power of 200 W. At a mixing ratio of 10%, the pellet density increased from 1093.42 kg/m3 to 1254.43 kg/m3 with an increase in pelleting time. However, the maximum value of pellet density was achieved at around 41 s, reaching up to 1268.96 kg/m3, then slightly decreasing thereafter. A similar trend was observed for a mixing ratio of 50%, where the maximum value reached was 1266.88 kg/m3 at around 33 s. The phenomenon could be explained by requiring a certain amount of pelleting time for ultrasonic power to generate more heat that softened lignin, promoting tight binding between particles [22,23] and eliminating elastic recovery. However, longer pelleting times resulted in decreased pellet densities due to excessive heat, causing raw material volatiles to evaporate or even carbonize inside pellets [24]. As the mixing ratio increased, the initial slight increase in pellet density occurred because rice straw had greater thermal conductivity than corn stover; thus, it facilitated heat transfer that softened lignin and increased density within lower pelleting times. However, due to significant decreases in lignin content for higher levels of mixing ratios, the attraction forces between solid particles weakened and springback increased, resulting in decreased pellet densities. Pelletizing time had more significant effects on pellet density at a smaller mixing ratio.



In Figure 5b, the pellet density increased from 1084.31 kg/m3 to 1247.44 kg/m3 at a mixing ratio of 30% and ultrasonic power of 200 W but then decreased to 1230.76 kg/m3 with longer pelleting time at the lower level of molding pressure. However, there was only a slight decrease after reaching the maximum value of 1283.74 kg/m3 at the high level of molding pressure as the pelleting time increased. This could be attributed to the fact that longer pelleting time generated more heat through ultrasonic power, which softened lignin and improved pellet quality. With increasing molding pressure, the pellet density rose from 1084.31 kg/m3 to 1176.56 kg/m3 at shorter pelleting times, indicating that higher pressure led to significant changes in particle size and reduced porosity levels. Nevertheless, when the pressure reached around 3 MPa, the pellet density peaked at 1280.14 kg/m3 for longer pelleting times before slightly decreasing again due to excessive heat generation by ultrasonic power, causing evaporation of moisture and organic matter in the feedstock. Previous research also reported that the temperature in the pellet increased with the increase in pelleting time and ultrasonic power [19].




3.2. Interaction Effects on Pellet Durability


Figure 6 illustrates the interaction effect of variables on pellet durability. Figure 6a was obtained by setting pelleting time and ultrasonic power at 30 s and 200 W, respectively. Pellet durability increased as molding pressure increased across all levels of the mixing ratio. This can be attributed to particles being compressed against each other, extending into surrounding crevices, thereby forming mechanical interlocks and chimerism due to increasing molding pressure. Simultaneously, stronger intermolecular forces were generated as particle spacing decreased [25]. Consequently, some brittle particles were crushed and broken down while the cell structure of biomass was disrupted, leading to the release of natural binder components such as lignin, hemicellulose, protein, and starch, which enhanced pellet durability [26]. At a mixing ratio of 10%, pellet durability improved from 78.85% to 99.82%. The impact of molding pressure on pellet durability was more pronounced at a lower mixing ratio. As the mixing ratio increased, the trend in pellet durability resembled that of pellet density under low-pressure conditions but gradually decreased under high-pressure conditions. This phenomenon could be explained by a higher mixing ratio resulting in lower lignin content and reduced particle-to-particle bonding strength.



Figure 6b was obtained with pelleting time and molding pressure at 30 s and 3 MPa. When the mixing ratio was set at 10%, there was an increase in pellet durability from 83.83% to 93.84% with an increase in ultrasonic power. However, after reaching its maximum value (82.57%) at 188 W, there was a slight decrease to 78.32% when the mixing ratio reached 50%. Higher ultrasonic powers generated more heat, facilitating the softening of lignin and hemicellulose to enhance particle binding at a mixing ratio of 10%. However, when the mixing ratio was 50%, there was insufficient natural adhesive to achieve this effect. Pellet durability decreased from 93.84% to 78.32% at an ultrasonic power of 250 W. It was inferred that the reason was the same as pellet density. Higher ultrasonic power may result in charring inside pellets. Li et al. [27] reported that the pellet charring ratio was up to 70% when the temperature increased to 350 °C, which was generated by ultrasonic vibration in UV-A pelleting. The effect of ultrasonic power on pellet durability was more pronounced at lower mixing ratios, while the influence of mixing ratio was more significant at higher ultrasonic powers.




3.3. Optimization and Model Verification


To obtain the optimal parameters for maximizing the pellet density and durability, the optimization function in design-expert 12 software was used, and optimized data were according to Equation (3) as the boundary conditions.


        M a x     y   1   ,   y   2           s . t .       10 ≤   x   1   ≤ 50       1 ≤   x   2   ≤ 5       10 ≤   x   3   ≤ 50       100 ≤   x   4   ≤ 300                  



(3)







Through multi-objective optimization solution, the theoretical pellet density and durability were 1307.39 kg/m3 and 95.89% when the optimal conditions were mixing ratio at 24.63%, molding pressure at 3.75 MPa, pelleting time at 36.65 s, and ultrasonic power at 212.20 W, respectively. The simulation results were further validated through additional confirmation experiments to compare the outcomes of the model under the condition of mixing ratio of 25%, molding pressure of 4 MPa, pelleting time of 37 s, and ultrasonic power of 200 W. The density and durability were 1301.18 kg/m3 and 94.26%, respectively, which was closely aligned with predicted values, and the desirability was calculated as 0.997, indicating an exceptional level of agreement between the model predictions and experimental data as presented in Table 6. The pellets produced in the confirmation experiments are shown in Figure 7.




3.4. TG/DTG r Analysis


Figure 8 presents the weight loss and derivative weight loss curves for the optimized pellets. According to TG and DTG curves, the drying stage (Ⅰ) was between 30 °C and 200 °C, where water escaped from the pellets, and the weight loss rate was within 6.67%. The volatilizing combustion stage (Ⅱ) was between 200 °C and 370 °C, which was mainly due to the degradation and oxidation of cellulose and hemicellulose, as well as a few lignin. Hemicellulose and other low molecular mass substances of biomass decomposed from 200 to 270 °C, which is basically the same as the oxidative pyrolysis of hemicellulose at 160–240 °C [28]. During the rapid pyrolysis of cellulose at 270–370 °C, the DTG curve peaked at 320 °C, and the weight loss rate was 41.01%, which may be due to the generation of a large amount of gas and less carbon. Previous research had also reported that the oxidative pyrolysis of cellulose occurred at 240–360 °C [29]. With the further increase of pellet temperature from 370 to 570 °C (Ⅲ), the thermal decomposition rate of cellulose decreased rapidly, and the surface of lignin started to fire at a slower rate due to high-temperature carbonization and oxidation. This stage was dominated by lignin decomposition and coke combustion, which are difficult to pyrolytic. After 570 °C, it was the burnout stage (Ⅳ). After the combustion, the inner material of the pellet was basically burned out, and the TG and DTG curves remained stable and no longer changed.



DTGmax is the maximum weight loss rate, also known as the maximum combustion rate, which reflects the intensity of sample combustion and is the temperature/time point at which the mass change rate of the whole curve is the largest. The DTGmax was 0.6659%/°C, and the corresponding peak temperature Tmax was 320 °C. Ignition temperature Ti refers to the lowest temperature of continuous combustion when the sample is heated in the experimental atmosphere, reflecting the difficulty of the sample ignition; usually, the higher the Ti, the more difficult it is to fire. Ti is generally obtained by the tangential method. Tangent as an app in origin (2021) is used to tangent the TG numerical point corresponding to the Tmax, and the baseline of the TG curve of the sample after complete dehydration is also made. The intersection point of the two lines is the ignition temperature corresponding to the sample [30]. The ignition temperature was 266 °C. The temperature at the end of combustion was burnout temperature Th, which was the temperature point at which the basic reaction of the sample was complete. It directly reflected the burnout performance of the pellet and corresponded to the temperature when the TG curve was basically unchanged or DTG approached 0%/°C. The Th in this study was 570 °C.





4. Conclusions


In this study, the CCRD was employed to ascertain the optimal conditions for pellet density and durability using rice straw and corn stover as raw materials in UV-A pelleting. Then, the combustion of the optimized pellet was analyzed with TG and DTG. The major conclusions of this study are as follows:




	(1)

	
Mathematical regression models were established, and the R2 values for the regression models were 0.97 for pellet density and 0.94 for pellet durability, accurately predicting these properties under optimal conditions.




	(2)

	
Based on p-values, pelleting time, molding pressure, ultrasonic power, and mixing ratio had significant effects on pellet density. Mixing ratio, ultrasonic power, molding pressure, and pelleting time significantly influenced pellet durability. The interaction effects between mixing ratio and pelleting time, as well as molding pressure and pelleting time, were statistically significant for pellet density. Meanwhile, the interaction effects between the mixing ratio and molding pressure, as well as the mixing ratio and ultrasonic power, had an extremely significant impact on pellet durability.




	(3)

	
The optimal conditions obtained were a mixing ratio of 25%, molding pressure of 4 MPa, pelting time of 37 s, and ultrasonic power of 200 W.




	(4)

	
The combustion of the optimized pellet was divided into four stages, including the drying stage, volatilizing combustion stage, lignin decomposition, coke combustion stage, and burnout stage. The maximum weight loss rate was 0.6659%/°C, with the corresponding temperature of 320 °C. Ignition temperature and burnout temperature were 266 °C and 570 °C, respectively.
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Figure 1. Raw material samples of corn stover and rice straw. 
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Figure 2. Ultrasonic-assisted molding device. 
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Figure 3. Comparison between the actual density and the predicted values. 






Figure 3. Comparison between the actual density and the predicted values.



[image: Energies 17 02087 g003]







[image: Energies 17 02087 g004] 





Figure 4. Comparison between experimental data and the predicted values of durability. 
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Figure 5. Response surface plots illustrating the relationship between variables and pellet density. (a) Pelleting time and mixing ratio; (b) Pelleting time and molding pressure. 
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Figure 6. Response surface plots illustrating the relationship between variables and pellet durability. (a) Molding pressure and mixing ratio; (b) Ultrasonic power and mixing ratio. 
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Figure 7. Pellets made from mixing material in confirmation experiments. 
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Figure 8. Weight loss and derivative weight loss curves for the optimized pellets. 
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Table 1. Elemental analysis of corn and rice straw.






Table 1. Elemental analysis of corn and rice straw.





	Sample
	C/%
	H/%
	O/%
	N/%
	S/%
	Ash/%





	Corn Stover
	51.43
	7.13
	37.64
	0.79
	0.38
	7.89



	Rice straw
	47.36
	7.59
	39.73
	0.86
	0.27
	6.74










 





Table 2. Major chemical components of corn and rice straw (% dry basis).






Table 2. Major chemical components of corn and rice straw (% dry basis).





	
Material Type

	
Chemical Components (%)




	
Cellulose

	
Hemicellulose

	
Lignin

	
Ash Content






	
Corn Stover

	
38.01 ± 0.41

	
28.04 ± 0.14

	
19.17 ± 0.13

	
3.97 ± 0.71




	
Rice straw

	
31.74 ± 0.2

	
21.29 ± 0.38

	
15.73 ± 0.33

	
9.12 ± 0.52











 





Table 3. The independent variables and their corresponding levels in CCRD.






Table 3. The independent variables and their corresponding levels in CCRD.





	
Level

	
Variables




	
Mixing Ratio (x1)/%

	
Molding Pressure (x2)/MPa

	
Pelleting Time (x3)/s

	
Ultrasonic Power (x4)/W






	
+2

	
50

	
5

	
50

	
300




	
+1

	
40

	
4

	
40

	
250




	
0

	
30

	
3

	
30

	
200




	
−1

	
20

	
2

	
20

	
150




	
−2

	
10

	
1

	
10

	
100











 





Table 4. The outcomes of pellet density and durability as determined by CCRD.






Table 4. The outcomes of pellet density and durability as determined by CCRD.





	Run
	Mixing Ratio (x1)/%
	Molding

Pressure (x2)/MPa
	Pelleting Time (x3)/s
	Ultrasonic Power (x4)/W
	Pellet Density

y1/(kg/m3)
	Pellet Durability

y2/%





	1
	30
	3
	50
	200
	1277.97
	90.06



	2
	20
	2
	20
	150
	1183.19
	76.77



	3
	30
	3
	30
	100
	1220.02
	79.49



	4
	30
	3
	30
	300
	1247.53
	83.72



	5
	40
	2
	20
	250
	1229.65
	85.50



	6
	20
	4
	40
	250
	1280.55
	95.25



	7
	40
	2
	20
	150
	1208.55
	81.12



	8
	40
	2
	40
	250
	1271.88
	87.75



	9
	30
	3
	30
	200
	1287.96
	92.67



	10
	40
	4
	20
	250
	1239.50
	82.74



	11
	30
	5
	30
	200
	1284.53
	95.73



	12
	30
	3
	30
	200
	1302.31
	94.58



	13
	20
	2
	20
	250
	1193.27
	88.89



	14
	30
	3
	30
	200
	1308.12
	94.49



	15
	30
	1
	30
	200
	1215.71
	85.93



	16
	20
	4
	20
	150
	1218.26
	87.18



	17
	10
	3
	30
	200
	1233.99
	90.69



	18
	30
	3
	10
	200
	1167.66
	84.68



	19
	20
	2
	40
	150
	1261.12
	84.39



	20
	40
	4
	20
	150
	1238.21
	82.59



	21
	30
	3
	30
	200
	1291.04
	92.33



	22
	30
	3
	30
	200
	1295.62
	89.01



	23
	20
	2
	40
	250
	1276.64
	93.71



	24
	40
	4
	40
	150
	1262.71
	85.95



	25
	40
	4
	40
	250
	1279.55
	86.35



	26
	30
	3
	30
	200
	1305.38
	93.62



	27
	50
	3
	30
	200
	1266.98
	82.07



	28
	20
	4
	20
	250
	1244.30
	95.89



	29
	40
	2
	40
	150
	1253.38
	85.98



	30
	20
	4
	40
	150
	1283.20
	90.80










 





Table 5. ANOVA and coefficients of the pellet density and durability in the full model.






Table 5. ANOVA and coefficients of the pellet density and durability in the full model.





	
Source

	
df

	
Pellet Density

	
Pellet Durability




	
Sum of Squares

	
p-Value

	
Coefficients

	
Sum of Squares

	
p-Value

	
Coefficients






	
Model

	
14

	
39,395.48

	
<0.0001 **

	
1298.41

	
738.34

	
<0.0001 **

	
92.78




	
x1

	
1

	
493.93

	
0.0315 *

	
4.54

	
113.27

	
<0.0001 **

	
−2.17




	
x2

	
1

	
3908.18

	
<0.0001 **

	
12.76

	
74.33

	
0.0003 **

	
1.76




	
x3

	
1

	
16,786.33

	
<0.0001 **

	
26.45

	
67.53

	
0.0004 **

	
1.68




	
x4

	
1

	
1089.75

	
0.0031 **

	
6.74

	
103.17

	
0.0001 **

	
2.07




	
x1x2

	
1

	
193.02

	
0.1587

	
−3.47

	
49.28

	
0.0016 **

	
−1.75




	
x1x3

	
1

	
768.40

	
0.0097 **

	
−6.93

	
0.1127

	
0.8566

	
−0.0839




	
x1x4

	
1

	
4.77

	
0.8188

	
0.5459

	
48.65

	
0.0017 **

	
−1.74




	
x2x3

	
1

	
426.53

	
0.0435 *

	
−5.16

	
5.76

	
0.2087

	
−0.5998




	
x2x4

	
1

	
35.02

	
0.5370

	
−1.48

	
12.04

	
0.0769

	
−0.8675




	
x3x4

	
1

	
6.63

	
0.7872

	
−0.6435

	
5.55

	
0.2167

	
−0.5889




	
     x   1   2     

	
1

	
3311.81

	
<0.0001 **

	
−10.99

	
64.78

	
0.0005 **

	
−1.54




	
     x   2   2     

	
1

	
3367.57

	
<0.0001 **

	
−11.08

	
4.94

	
0.2423

	
−0.4246




	
     x   3   2     

	
1

	
8794.22

	
<0.0001 **

	
−17.91

	
45.60

	
0.0022 **

	
−1.29




	
     x   4   2     

	
1

	
6308.41

	
<0.0001 **

	
−15.17

	
204.51

	
<0.0001 **

	
−2.73




	
Residual

	
15

	
1316.09

	
--

	
--

	
50.05

	

	
--




	
Lack of Fit

	
10

	
986.60

	
0.3433

	
--

	
28.75

	
0.7212

	
--




	
Pure Error

	
5

	
329.49

	
--

	
--

	
21.29

	
--

	
--




	
Cor Total

	
29

	
40,711.57

	
--

	
--

	
788.39

	
--

	
--








Note: The symbol “**” denotes high statistical significance (p ≤ 0.01), while “*” indicates statistical significance (p < 0.05).













 





Table 6. The results from the confirmation experiment under optimal conditions.






Table 6. The results from the confirmation experiment under optimal conditions.





	
Comparison

	
Process Variables

	
Pellet Density

(kg/m3)

	
Pellet

Durability (%)




	
Mixing

Ratio/%

	
Molding

Pressure/MPa

	
Pelleting Time/s

	
Ultrasonic Power/W






	
Predicted value

	
24.63

	
3.75

	
36.65

	
212.20

	
1307.39

	
95.89




	
Experimental value

	
25

	
4

	
37

	
200

	
1301.18

	
94.76




	
Error (%)

	
--

	
--

	
--

	
--

	
0.47

	
1.18

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Ui poee () 170

150010

d
20 Mising o (09

(b)

Ulmonic pover (V)

Niing ato (%)

Mixing i






media/file4.png
Pneumatic Solenoid valve

cylinder

Hydraulic system

Converter x
RN Pressure

Pelleting tool u

Mold
Ultrasonic
Pellet vibration
Fixtu | o Power supply
ixture i
([ ] 1






media/file18.png
(Do/%) IYSTOM ATIRALIS(]

110

(2%) WSTOAN

300 400 500 600

Temperature (°C)

100





media/file3.jpg
Converter —

Pelleting tool

Mold

Pellet

Fixture

Pneumatic
cylinder

N [Presre

g

Ultrasonic
{vibration

Hydraulic system

[T e

Solenoid valve

Power supply





media/file7.jpg
Predicted pellet durability (%)

100

