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Abstract:



Large scale biofuel production will be possible only if significant quantities of biomass feedstock can be stored, transported, and processed in an economic and sustainable manner. Torrefaction has the potential to significantly reduce the cost of transportation, storage, and downstream processing through the improvement of physical and chemical characteristics of biomass. The main objective of this study was to investigate the effects of particle size, plant components, and gas residence time on the production of torrefied corn (Zea mays) stover. Different particle sizes included 0.85 mm and 20 mm. Different stover components included ground corn stover, whole corn stalk, stalk shell and pith, and corn cob shell. Three different purge gas residence times were employed to assess the effects of interaction of volatiles and torrefied biomass. Elemental analyses were performed on all of the samples, and the data obtained was used to estimate the energy contents and energy yields of different torrefied biomass samples. Particle density, elemental composition, and fiber composition of raw biomass fractions were also determined. Stalk pith torrefied at 280 °C and stalk shell torrefied at 250 °C had highest and lowest dry matter loss, of about 44% and 13%, respectively. Stalk pith torrefied at 250 °C had lowest energy density of about 18–18.5 MJ/kg, while cob shell torrefied at 280 °C had the highest energy density of about 21.5 MJ/kg. The lowest energy yield, at 59%, was recorded for stalk pith torrefied at 280 °C, whereas cob and stalk shell torrefied at 250 °C had highest energy yield at 85%. These differences were a consequence of the differences in particle densities, hemicellulose quantities, and chemical properties of the original biomass samples. Gas residence time did not have a significant effect on the aforementioned parameters.
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1. Introduction


Transportation fuels produced from lignocellulosic biomass have recently gained attention due to their positive effects on fossil fuel displacement, greenhouse gas emission reduction, rural development, and national security enhancement. The Energy Independence and Security Act (EISA) of 2007 mandates an increase in the minimum annual quantity of renewable fuels used in the United States transportation sector, from 58 billion liters in 2012 to 136 billion liters in 2022. As per the EISA mandate, out of the total renewable fuels produced in 2022, 79 billion liters should be advanced biofuels derived mainly from cellulosic feedstock, which does not compete with food production [1]. Large amounts of lignocellulosic biomass have to be collected, stored, and processed to support biofuels production at levels demanded by EISA. There is a variety of conversion technologies available for the production of biofuels, such as fermentation, pyrolysis, gasification, and hydrothermal processing. Although thermochemical pathways employ higher temperatures and/or pressures than biochemical pathways, they have numerous advantages, such as higher reaction rates, fewer feedstock pretreatment requirements, and an easier integration with the existing fossil fuel production infrastructure.



All conversion technologies are constrained by a narrow tolerance range for the physical characteristics of the converted biomass, such as particle size, shape, and moisture content. For example, a particle size larger than the accepted range will increase the amount of gas produced in the gasification process but, due to a slower gas diffusion speed, will decrease the quality of the gas produced, by reducing the amount of hydrogen and carbon monoxide present [2,3,4]. A large particle size also gives rise to the inter-particle vapor-char interaction and increases the yield of undesirable, light bio-oil fractions [5,6,7]. The shape of particle can influence proper fluidization, interfere with reactor feeding, induce material bridging, and affect product distribution in thermochemical systems [8,9,10]. The gasification of biomass with high moisture content results in more tar formation, unreliable operation, and low process efficiency [11]. An increase in the moisture content could enhance char yield during pyrolysis [12,13].



Size reduction and drying are energy intensive processes that significantly deteriorate the economy of biofuel production. A high heterogeneity of a lignocellulosic biomass, even among the same plant species, may degrade the quality of the final product produced by pyrolysis or gasification [14,15,16,17]. In addition, long distance feedstock transportation increases the cost of biorenewable production due to the feedstock’s low bulk and energy densities. Large scale production requires large quantities of biomass to be stored in order to support the operation of biorefineries over the whole year. Biomass feedstock’s susceptibility to microbial degradation during storage further compromises its economical utilization for fuel production [18,19]. Torrefaction can be employed to significantly reduce the cost of transportation, storage, and downstream processing by improving biomass brittleness, hydrophobicity, resistance to microbial degradation, energy density, homogeneity, and chemical characteristics [20,21,22].



Torrefaction is a thermochemical process conducted in a temperature regime between 200 and 300 °C under an inert atmosphere, with a low heating rate. It induces depolymerization and devolatilization of hemicellulose, the most reactive polymer under torrefaction reaction conditions [23]. As a consequence, various volatile species with high oxygen contents are formed, along with a solid product composed of mainly cellulose and lignin [17,20,24]. The product distribution from the torrefaction process, as well as the characterization of different product streams has been conducted by several researchers [25,26]. The suitability of many biomass feedstocks, including woody crops, agricultural residues, and dedicated energy crops, have been investigated. Most of the studies only assessed the torrefaction temperature and residence time as the variables influencing the quality and quantity of the solid product, permanent gases, and condensables produced [15,16,17,19,20,24,27,28,29]. Feedstock particle size and purge gas residence time are two other important parameters that has not yet been addressed. The positive effect of torrefaction on energy consumption during biomass size reduction can be captured only if the large particle size of biomass is utilized in the torrefaction process. A large particle size induces higher char production and lower liquid yield in the pyrolysis process [5,6,7]. However, how this affects the torrefaction process, or product yield and quality is not known. Purge gas residence times or volatile residence times have a strong impact on bio-oil and char yield in the pyrolysis process. Secondary reactions between char and volatiles in pyrolysis process enhance the yield of solids and decrease bio-oil yield. Prins et al. [24] concluded that formation of carbon monoxide during torrefaction can be explained by the reaction of carbon dioxide and steam with solid char. This confirms that there is indeed potential for solid-volatiles interaction in the torrefaction process. Torrefaction, as a process that has some similarities to pyrolysis, also might be affected by the purge gas flow rate. The reduction of purge gas use may be important for reducing capital and operating costs. In addition, both factors are important for proper reactor design, scale up, and operation.



The objective of this study was to investigate the torrefaction behavior of two particle sizes, (<0.85 mm and 20 mm) and three corn stover components (stalk shell, stalk pith, and cob shell. Three purge gas flow rates, i.e., gas residence times, (List the three rates here) were employed to assess potential interaction between volatiles and torrefied biomass that can influence biomass yield and quality, in the same manner as in the pyrolysis process. Torrefaction of the corn stover was conducted in a thermogravimetric analyzer (TGA) and a bench scale reactor. The dry matter loss (DML) during torrefaction experiments was recorded. All samples were analyzed for carbon, hydrogen, nitrogen, and sulfur contents, and the obtained data were used to calculate the energy content of torrefied samples and their energy yields. Results of the proximate analysis of raw biomass were used to determine ash content of the torrefied biomass. Particle density and the composition of raw biomass were determined as well.




2. Materials and Methods


2.1. Corn Stover Samples


Corn stover biomass was harvested Fall 2010 from Iowa State University research fields located in Story County, IA, USA. The bulk wet samples were dried at 60 °C for 72 h immediately after the harvest. Dry samples were stored in a cooling chamber at a temperature below 5 °C to preserve their original quality and prevent microbial degradation.



A subsample of the bulk material was ground by hammer mill and sifted through an 850 µm sieve to obtain ground stover sample. Subsamples of corn stalk and cobs were handpicked from bulk corn stover samples. Stalks were cut into discs to enable separation of shell and pith. Cobs were also cut into discs and separated from the pith. Discs were cut further into 5 × 5 × 5 mm cubes by hand (Figure 1). Stalk shell samples were cut into 5 × 5 × 2 mm cuboid (Figure 1). The shape of cube was chosen for stalk pith and cob shell, because it is closest to a spherical shape. A spherical shape is preferable because it does not favor any dimension in the heat transfer process; however, since this shape is difficult to cut reliably, the cube was used. In addition, the natural geometry of stalk shell dictated its shape to be in a form of a cuboid prism. Finally, the largest sample size was obtained by handpicking stalks of about 20 mm diameter and cutting them into rods 100 mm long (Table 1).


Figure 1. Different corn stover components.
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Table 1. Sample designation and basic properties.







	
Factor

	
Level

	
Dimensions (mm)

	
Shape






	
Particle size

	
Ground stover

	
<0.85

	
Spherical




	

	
Whole stalk

	
19 × 16 × 100

	
Elliptic cylinder




	
Corn stover component

	
Stalk shell

	
5 × 5 × 2

	
Prism




	
Stalk pith

	
5 × 5 × 5

	
Cube




	
Cob shell

	
5 × 5 × 5

	
Cube




	
Gas residence time

	
1.2 s

	

	




	
12 s

	

	




	
60 s

	

	














All samples were dried at 60 °C for 72 h and stored in a desiccator until the torrefaction experiments were conducted. The moisture contents of samples before and after the experiments were determined according to the ASAE standard D358.2 for forage moisture measurement [30].




2.2. Torrefaction Experiments


Torrefaction of ground stover, stalk shell, stalk pith, and cob shell was conducted in a TGA (TGA/DSC Star System, Mettler-Toledo, Columbus, OH, USA) equipped with an autosampler. Experiments were done at 250 and 280 °C using two temperature time programs and 900 µL pans (Figure 2).


Figure 2. Temperature programs used to conduct torrefaction experiments in the TGA.
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The drying phase at 105 °C was employed before torrefaction to eliminate the influence of water evaporation on DML during torrefaction. Both ramping phases employed a 10 °C/min heating rate. Torrefaction was conducted for 20 min, regardless of the torrefaction temperature. In order to register the correct sample weight after torrefaction, a final isothermal step at 25 °C was utilized. An inert atmosphere was maintained by means of nitrogen purge gas.



A stainless steel bench scale reactor was constructed to accommodate the largest particle size samples. The reactor was 20 mm in diameter and 120 mm in length. It was heated indirectly by two heaters controlled independently by PID controllers (Figure 3). This setup enabled the formation of two distinct heating zones for stable temperature control. Two thermocouples were used to sense the reactor temperature. Furthermore, preheated nitrogen purge gas was used to supply additional heat to the system and prevent temperature fluctuations. Samples were loaded into the reactor through the end farther from the gas heater. The reactor was purged with nitrogen for 5 min at flow rate of 1 L/min before every run. The samples were unloaded once the temperature in the reactor was below 100 °C, in the same manner as the loading procedure. The cooling phase from the torrefaction temperature to 200 °C took 7–9 min, depending on the torrefaction temperature. The torrefaction reaction is considered to start above 200 °C [23]. The reactor was purged with nitrogen at 1 L/min during the cooling phase to maintain a constant pressure, evenly cool the biomass, and terminate the torrefaction process. The weight of each whole stalk sample was about 1.5–1.6 g.


Figure 3. Bench scale reactor setup used in torrefaction experiments (R–reactor; GH–gas heater; H1, H2, H3–heaters; T1, T2, T3, T4–thermocouples; all thermocouples were positioned inside the respective unit of the system, except T3, which was positioned between the metal gas line and the heater).
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The temperature profiles recorded during torrefaction experiments in the bench scale reactor at 250 and 280 °C are shown in Figure 4.


Figure 4. Temperature time profile of the bench scale reactor.
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Each experiment was conducted in triplicate. The final solid products were recovered and further analyzed while volatile gases were not collected.




2.3. Chemical Analysis of Raw and Torrefied Biomass


Moisture, volatiles, ash, and fixed carbon contents of the raw biomass samples were determined using the same TGA that was used for torrefaction experiments, according to the modified ASTM D 5142-04 method [31]. The analysis was done under a nitrogen atmosphere (100 mL/min). Initially samples were heated to 105 °C at the heating rate of 5 °C/min and retained at 105 °C for 40 min to determine the moisture content. They were further heated at the rate of 5 °C/min to 900 °C and maintained at this temperature for 20 min to determine the quantity of the volatiles. Subsequently the environment was changed to oxidative by purging 100 mL/min of air for 30 min to determine the fixed carbon content. The remainder, after heating the sample under an oxidative atmosphere at 900 °C, was considered ash.



Elemental analyses of different raw and torrefied biomass samples were done using a CHNS/O analyzer (PerkinElmer 2400 Series II CHNS/O Analyzer, PerkinElmer, Waltham, MA, USA), according to the ASTM D 5373–08 method [32]. Biomass samples were dried in an oven at 103 °C for 24 h before the elemental analysis. Combustion and reduction were conducted at 925 and 650 °C under a helium atmosphere, respectively.



The HHV of raw and torrefied biomass samples were computed using Equation (1) developed by Sheng and Azevedo [33]. In Equation (1), C and H are the percentages of carbon and hydrogen in the biomass as determined by the ultimate analysis, and O is the percentage of oxygen determined by the difference, on both a dry and ash free basis (i.e., O (daf) = 100 − C − H − N − S):
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(1)







Compositional analyses of raw corn stover fractions were conducted to obtain the content of neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL).The analyses were done according to AOAC Standards 973.18 and 2002.04 [34,35]. The hemicellulose and cellulose contents were calculated from the obtained NDF, ADF, ADL, and ash contents. The hemicellulose and cellulose contents were calculated as the difference between NDF and ADF, and ADF and ADL, respectively. Lignin was determined gravimetrically from ADL. The ash content was determined gravimetrically from the reminder after calcination of dry ADL in the muffle furnace.




2.4. Statistical Analysis


The experimental design used to accomplish the objectives of this work consisted of three factors. The torrefaction temperature factor consisted of two levels: 250 and 280 °C. The feedstock factor consisted of three levels: stalk shell and pith, and cob shell (Table 1). The gas residence time factor consisted of three levels: 1.2, 12, and 60 s. A statistical analysis was done to determine the significant difference between average DML, O/C (oxygen to carbon ratio), H/C (hydrogen to carbon ratio) HHV, and energy yields of torrefied biomass at a 95% confidence interval. Ground stover and whole stalk samples were analyzed separately from stalk shell, pith, and cob shell samples. A Tukey-Kramer Honestly Significant Difference (Tukey-Kramer HSD) test was conducted after performing a One-Way Analysis of Variance (ANOVA). The JMP statistical package from SAS (SAS Institute, Cary, NC, USA) was used for the statistical analysis of the experimental data.





3. Results and Discussion


The average DML of ground stover and whole stover samples torrefied at 250 and 280 °C are shown in Figure 5. DML of the samples torrefied at 250 °C did not differ significantly, according to a Tukey-Kramer HSD test (not shown). This was probably due to a limited devolatilization of hemicellulose at this process temperature. Under these conditions the torrefaction reaction might be localized in the stalk shell of whole stover, but it is sufficient to cause DML similar to the smallest particle size. Products of the reaction in the pith of whole stover might condense and retain in the particle due to higher mass transfer resistance of the less porous stalk shell. At 280 °C there was a significant difference (p < 0.0001) between the ground stover and whole stover components’ DML of 2–5 percentage points, regardless of residence time. Under these conditions, the differences in the physical characteristics of two sample types significantly influence the torrefaction reaction. Devolatilization of hemicellulose in the shell of the whole stalk sample may not be sufficient to offset the limited devolatilization of the pith. Volatile gases, developed during the process and condensed in the particle, further deteriorate both the heat and mass transfer properties of whole stover samples. These aforementioned constraints in the transfer phenomena were less expressed in ground stover samples, which is why they had higher DML. As per the Tukey-Kramer HSD test, there was no significant difference in DML of ground stover and whole stover induced by gas residence time, regardless of the torrefaction temperature.


Figure 5. Average dry matter loss of torrefied ground stover and whole stalk samples (error bar = standard deviation).
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The two anatomical fractions of corn stalk and corn cob showed different behavior under torrefaction reaction conditions (Figure 6). At 250 °C there was no significant difference in DML between cob shell and stalk pith samples. However, these two samples differed significantly from the stalk shell sample. Corn cob and stalk shell have the highest and the lowest hemicellulose content, respectively, among all corn stover fractions (Table 2). The same findings have been reported by Krull et al. [36] and Garlock et al. [37]. Cob shell particle density, approximately 350 kg/m3, is comparable to stalk shell density, and much higher than stalk pith density, approximately 40 kg/m3, (Table 2). Therefore, the torrefaction reaction at 250 °C might not be intensive enough to cause significant devolatilization of stalk shell samples due to their lower hemicellulose content and high particle density. The high content of reactive hemicellulose in cob shell makes it prone to higher DML during torrefaction. Nonetheless, the high particle density of cob shell increases the resistance to heat and mass transfer, thus preventing excessive DML by limiting hemicellulose’s exposure to high temperatures. Stalk pith, on the other hand, has a lower hemicellulose content and lower particle density. Therefore, even though the hemicellulose present in stalk pith is more exposed to high temperatures, its low content limits DML. The opposite effect of hemicellulose content and particle density might be the reason for the same DML of cob shell and stalk pith at 250 °C.


Figure 6. Average dry matter loss of torrefied stalk shell, stalk pith, and cob shell (error bar = standard deviation).
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Table 2. Proximate analysis of raw corn stover biomass.







	
Sample

	
Volatiles (%)

	
Fixed carbon (%)

	
Ash (%)

	
Particle density (kg/m3)

	
Fiber composition (%)




	
Cellulose

	
Hemicellulose

	
Lignin

	
Other






	
Ground stover

	
77.05 ± 0.22

	
17.56 ± 0.01

	
5.45 ± 0.33

	
-

	
43.3 ± 0.5

	
32.3 ± 0.1

	
6.3 ± 0.4

	
18.03 ± 0.0




	
Stalk shell

	
75.43 ± 0.20

	
21.31 ± 0.00

	
3.18 ± 0.06

	
444.61 ± 48.39

	
56.6 ± 0.2

	
15.2 ± 1.0

	
13.5 ± 0.1

	
15.62 ± 1.3




	
Stalk pith

	
80.57 ± 1.27

	
13.89 ± 1.13

	
5.49 ± 0.12

	
34.93 ± 6.66

	
57.6 ± 0.4

	
21.3 ± 1.8

	
6.1 ± 0.6

	
14.40 ± 0.8




	
Cob shell

	
76.88 ± 2.43

	
18.96 ± 2.24

	
4.13 ± 0.27

	
357.40 ± 47.84

	
45.2 ± 0.3

	
38.3 ± 1.1

	
10.3 ±0.0

	
7.17 ± 1.4




	
Whole stover

	
76.74 ± 0.87

	
17.20 ± 0.73

	
3.86 ± 0.17

	
116.48 ± 18.02

	
56.2 ± 1.8

	
17.6 ± 1.0

	
11.6 ± 0.8

	
14.60 ± 0.0








All values are expressed on dry basis as a mean of two measurements ± standard deviation.










At 280 °C there was no significant difference between cob shell and stalk shell, but these two samples differed significantly from stalk pith. Heat and mass transfer might be more significant factors once most of the hemicellulose was degraded at 280 °C and devolatilization of cellulose and lignin had started. As can be seen in Figure 6, stalk pith, which offers less resistance to heat/mass transfer, has a DML approximately 15 percentage points higher than the other two corn stover fractions. Furthermore, there were no significant differences in DML of stalk shell, stalk pith, and cob shell due to different gas residence times, regardless of torrefaction process temperatures.



Differences between the carbon, nitrogen, sulfur, hydrogen, and oxygen contents of biomass samples were not statistically analyzed. Instead the O/C ratio and HHV were analyzed using the Tukey-Kramer HSD test to determine their significant differences (not shown in Table 3). According to statistical analysis, the O/C ratio of ground stover and whole stalk were significantly different, (p ≤ 0.002), regardless of the temperature. The difference was about 9 and 5 percentage points at 250 and 280 °C, respectively. Stalk pith had the highest O/C, 1.06 and 0.88 at 250 and 280 °C, respectively. Cob shell had the lowest O/C, 0.77 and 0.66 at 250 and at 280 °C, respectively.



Table 3. Elemental analysis and HHV of biomass samples.







	
Sample

	
Torrefaction temperature (°C)

	
Gas residence time (s)

	
C (wt %)

	
H (wt %)

	
N (wt %)

	
S (wt %)

	
O (wt %)

	
O/C

	
H/C

	
HHV (MJ/kg)






	
Ground stover

	
250

	
1.2

	
45.76 ± 0.37

	
5.99 ± 0.13

	
0.62 ± 0.06

	
0.36 ± 0.10

	
47.28 ± 0.43

	
1.03 ± 0.02

	
0.13 ± 0.01

	
18.68 ± 0.14




	
12

	
45.78 ± 1.08

	
5.27 ± 1.20

	
0.46 ± 0.08

	
0.32 ± 0.08

	
48.17 ± 2.42

	
1.05 ± 0.08

	
0.11 ± 0.00

	
18.85 ± 1.10




	
60

	
46.27 ± 0.22

	
5.81 ± 0.24

	
0.63 ± 0.06

	
0.56 ± 0.03

	
46.73 ± 0.13

	
1.01 ± 0.01

	
0.12 ± 0.02

	
18.70 ± 0.11




	
280

	
1.2

	
49.59 ± 0.25

	
5.56 ± 0.08

	
0.65 ± 0.10

	
0.33 ± 0.08

	
43.86 ± 0.31

	
0.88 ± 0.02

	
0.11 ± 0.00

	
19.48 ± 0.07




	
12

	
50.21 ± 0.10

	
5.57 ± 0.07

	
0.70 ± 0.07

	
0.39 ± 0.05

	
43.13 ± 0.09

	
0.86 ± 0.00

	
0.13 ± 0.00

	
19.66 ± 0.02




	
60

	
50.35 ± 0.31

	
5.45 ± 0.08

	
0.71 ± 0.05

	
0.36 ± 0.03

	
43.14 ± 0.29

	
0.85 ± 0.01

	
0.11 ± 0.00

	
19.61 ± 0.10




	
Raw

	
-

	
44.84 ± 0.70

	
6.32 ± 0.07

	
0.46 ± 0.15

	
0.12 ± 0.03

	
48.26 ± 0.67

	
1.08 ± 0.03

	
0.14 ± 0.00

	
18.66 ± 0.24




	
Stalk shell

	
250

	
1.2

	
48.76 ± 0.18

	
5.75 ± 0.21

	
0.19 ± 0.02

	
0.23 ± 0.16

	
45.06 ± 0.30

	
0.92 ± 0.01

	
0.12 ± 0.00

	
19.39 ± 0.18




	
12

	
48.35 ± 0.68

	
5.77 ± 0.20

	
0.19 ± 0.01

	
0.31 ± 0.17

	
45.38 ± 1.00

	
0.94 ± 0.03

	
0.10 ± 0.00

	
19.45 ± 0.30




	
60

	
48.60 ± 0.37

	
5.67 ± 0.06

	
0.14 ± 0.02

	
0.36 ± 0.44

	
45.22 ± 0.83

	
0.93 ± 0.02

	
0.12 ± 0.00

	
19.29 ± 0.12




	
280

	
1.2

	
53.97 ± 1.30

	
5.54 ± 0.19

	
0.16 ± 0.05

	
0.66 ± 0.71

	
39.67 ± 1.13

	
0.74 ± 0.04

	
0.09 ± 0.01

	
20.70 ± 0.25




	
12

	
55.83 ± 0.38

	
5.29 ± 0.14

	
0.32 ± 0.06

	
0.24 ± 0.14

	
38.32 ± 0.32

	
0.69 ± 0.01

	
0.12 ± 0.01

	
21.07 ± 0.20




	
60

	
53.78 ± 0.62

	
5.37 ± 0.04

	
0.15 ± 0.04

	
0.40 ± 0.43

	
40.30 ± 1.01

	
0.75 ± 0.03

	
0.11 ± 0.01

	
20.54 ± 0.14




	
Raw

	
-

	
47.87 ± 0.06

	
6.28 ± 0.07

	
0.04 ± 0.03

	
0.10 ± 0.04

	
45.72 ± 0.15

	
0.95 ± 0.01

	
0.13 ± 0.00

	
19.50 ± 0.05




	
Stalk pith

	
250

	
1.2

	
46.40 ± 0.06

	
5.48 ± 0.05

	
0.33 ± 0.12

	
0.15 ± 0.02

	
47.64 ± 0.04

	
1.03 ± 0.00

	
0.12 ± 0.00

	
18.54 ± 0.06




	
12

	
45.61 ± 0.54

	
5.58 ± 0.14

	
0.31 ± 0.04

	
0.18 ± 0.02

	
48.32 ± 0.45

	
1.06 ± 0.02

	
0.10 ± 0.01

	
18.46 ± 0.14




	
60

	
45.18 ± 0.08

	
5.34 ± 0.09

	
0.26 ± 0.05

	
0.08 ± 0.05

	
49.14 ± 0.08

	
1.09 ± 0.00

	
0.12 ± 0.01

	
18.10 ± 0.08




	
280

	
1.2

	
49.99 ± 0.67

	
4.77 ± 0.18

	
0.46 ± 0.07

	
0.11 ± 0.07

	
44.67 ± 0.57

	
0.90 ± 0.02

	
0.10 ± 0.01

	
19.07 ± 0.12




	
12

	
51.27 ± 1.31

	
5.02 ± 0.29

	
0.47 ± 0.23

	
0.12 ± 0.03

	
43.13 ± 1.41

	
0.84 ± 0.05

	
0.12 ± 0.00

	
19.60 ± 0.53




	
60

	
49.89 ± 0.40

	
4.75 ± 0.12

	
0.54 ± 0.30

	
0.02 ± 0.01

	
44.79 ± 0.57

	
0.90 ± 0.02

	
0.10 ± 0.01

	
19.04 ± 0.03




	
Raw

	
-

	
44.69 ± 0.77

	
5.93 ± 0.12

	
0.12 ± 0.01

	
0.16 ± 0.07

	
49.10 ± 0.83

	
1.10 ± 0.04

	
0.13 ± 0.00

	
18.36 ± 0.30




	
Cob shell

	
250

	
1.2

	
52.74 ± 0.13

	
5.80 ± 0.01

	
0.51 ± 0.25

	
0.18 ± 0.03

	
40.77 ± 0.26

	
0.77 ± 0.01

	
0.11 ± 0.00

	
20.54 ± 0.04




	
12

	
53.23 ± 0.83

	
6.07 ± 0.14

	
0.29 ± 0.01

	
0.19 ± 0.02

	
40.22 ± 0.94

	
0.76 ± 0.03

	
0.10 ± 0.00

	
20.67 ± 0.33




	
60

	
52.42 ± 0.40

	
5.68 ± 0.05

	
0.31 ± 0.06

	
0.10 ± 0.02

	
41.49 ± 0.41

	
0.79 ± 0.01

	
0.11 ± 0.01

	
20.37 ± 0.10




	
280

	
1.2

	
56.52 ± 0.30

	
5.48 ± 0.09

	
0.40 ± 0.04

	
0.05 ± 0.03

	
37.56 ± 0.20

	
0.66 ± 0.01

	
0.10 ± 0.01

	
21.39 ± 0.03




	
12

	
56.44 ± 0.69

	
5.86 ± 0.10

	
0.41 ± 0.03

	
0.18 ± 0.04

	
37.11 ± 0.62

	
0.66 ± 0.02

	
0.11 ± 0.00

	
21.62 ± 0.15




	
60

	
56.12 ± 0.48

	
5.41 ± 0.05

	
0.37 ± 0.07

	
0.05 ± 0.04

	
38.05 ± 0.54

	
0.68 ± 0.02

	
0.10 ± 0.01

	
21.23 ± 0.14




	
Raw

	
-

	
47.15 ± 0.14

	
6.25 ± 0.02

	
0.10 ± 0.04

	
0.08 ± 0.04

	
46.41 ± 0.21

	
0.98 ± 0.01

	
0.13 ± 0.00

	
19.28 ± 0.04




	
Whole stover

	
250

	
1.2

	
47.96 ± 0.41

	
5.83 ± 0.35

	
0.30 ± 0.08

	
0.26 ± 0.04

	
45.65 ± 0.67

	
0.95 ± 0.02

	
0.12 ± 0.01

	
19.21 ± 0.33




	
12

	
48.36 ± 1.27

	
5.73 ± 0.11

	
0.41 ± 0.03

	
0.25 ± 0.02

	
45.25 ± 1.33

	
0.94 ± 0.06

	
0.11 ± 0.00

	
19.25 ± 0.39




	
60

	
47.78 ± 1.00

	
5.98 ± 0.12

	
0.30 ± 0.04

	
0.29 ± 0.12

	
45.65 ± 0.93

	
0.95 ± 0.04

	
0.12 ± 0.00

	
19.26 ± 0.34




	
280

	
1.2

	
52.57 ± 0.95

	
5.42 ± 0.23

	
0.40 ± 0.11

	
0.32 ± 0.10

	
41.30 ± 0.95

	
0.79 ± 0.03

	
0.11 ± 0.00

	
20.23 ± 0.22




	
12

	
51.83 ± 0.82

	
5.68 ± 0.14

	
0.35 ± 0.01

	
0.23 ± 0.03

	
41.90 ± 0.94

	
0.81 ± 0.03

	
0.12 ± 0.01

	
20.20 ± 0.31




	
60

	
50.94 ± 0.31

	
5.72 ± 0.13

	
0.29 ± 0.04

	
0.27 ± 0.04

	
42.77 ± 0.35

	
0.84 ± 0.01

	
0.11 ± 0.01

	
19.98 ± 0.17




	
Raw

	
-

	
47.95 ± 0.23

	
6.18 ± 0.02

	
0.14 ± 0.06

	
0.16 ± 0.02

	
45.63 ± 0.25

	
0.95 ± 0.01

	
0.13 ± 0.00

	
19.45 ± 0.08








All values are expressed on dry basis as a mean of two measurements ± standard deviation.












The reason for the decrease in the O/C ratio during torrefaction is the generation of volatiles rich in oxygen such as CO2 and H2O [20,24]. Apart from the higher initial value of the O/C ratio, the highest O/C value of corn pith after torrefaction might be due to devolatilization of cellulose and lignin, in addition to hemicellulose. Therefore, the O/C ratio did not change significantly since both C and O were lost in comparable quantities through devolatilization.



The differences between the O/C ratios due to gas residence time were not significant, regardless of temperature. According to statistical analysis, there was no significant difference (p ≥ 0.2766) between the H/C ratios of ground stover and whole stalk, regardless of temperature. This is a consequence of the limited change in hydrogen content when compared to the change in carbon content. The former was less than 1 percentage point, while the latter was up to 6 percentage points. Cob shell had a significantly lower H/C ratio (p < 0.0001) than stalk pith and shell at 250 °C, which correlates to a higher loss of hydrogen than carbon, probably through the elimination of organics, such as acetic acid and methanol [20]. However, the absolute difference between the average C/H ratio of cob shell, and stalk shell and pith was only 0.008 percentage points. There was not any significant difference (p > 0.3105) between these samples at 280 °C, where the absolute difference was 0.003 percentage points. The gas residence time did not have any significant effect on H/C ratio, regardless of torrefaction temperature, particle size or corn stover component. The contents of nitrogen and sulfur remained almost constant and did not show any trend regardless of particle size, corn stover component, or gas residence time. Moreover, these two elements are present in very limited amounts and do not significantly contribute to the energy density of the biomass.



Ash content of the raw biomass samples (Table 2) was used to compute the ash content of torrefied biomass using Equation (2). Furthermore, the ash content of torrefied biomass was used to compute HHV on an ash free basis (Table 3):


[image: there is no content]



(2)




where db = dry basis.



HHV followed a trend opposite to the O/C ratio (Table 3). All samples were significantly different (p ≤ 0.0065) regardless of torrefaction temperature. Whole stalk samples had a higher HHV than ground stover by approximately 0.7 and 0.5 MJ/kg at 250 and 280 °C, respectively. Cob shell had the lowest O/C ratio and consequently had the highest HHV of 20.6 and 21.5 MJ/kg at 250 and 280 °C, respectively. Stalk pith had the lowest values of 18.3 and 19.23 MJ/kg at 250 and 280 °C, respectively. The HHV of the samples at distinct gas residence time levels was not significantly different (p ≥ 0.5520), regardless of the torrefaction temperature. The average energy yields of the torrefied samples are shown in Figure 7 and Figure 8. Yields were computed using Equation (3):


[image: there is no content]



(3)






Figure 7. Average energy yield of torrefied ground stover and whole stalk samples (error bar = standard deviation).
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Figure 8. Average energy yield of torrefied stalk shell, stalk pith, and cob shell samples (error bar = standard deviation).
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The Tukey-Kramer HSD test was conducted to determine the significant differences between torrefied samples. According to the statistical analysis, the ground stover and whole stover samples torrefied at 250 °C were not significantly different; however, the samples did show a significant difference of approximately 6 percentage points at 280 °C (Figure 7). Energy yields followed a trend opposite to DML. This is probably due to a large change in DML that could not be offset by the change in HHV of torrefied samples. Gas residence times did not show any significant effect on the energy yield as revealed by statistical analysis. This is in accordance with the effect of gas residence time on DML and HHV.







Average energy yields of stalk shell and cob shell were not significantly different at both 250 and 280 °C (Figure 8). The absence of any difference between these two samples at 250 °C was caused by a larger HHV of cob shell than stalk shell, which offset the difference in DML. However, these two samples had energy yields different from stalk pith samples, regardless of temperature. The energy yield of stalk pith was approximately 6 and 15 percentage points lower than the energy yields of stalk shell and cob shell at 250 and 280 °C, respectively. There was no difference between average energy yields due to gas residence time, regardless of sample type.




4. Conclusions


The effects of corn stover particle size and fraction type, as well as gas residence times on torrefaction were investigated through the analysis of DML, energy yield, and chemical properties of torrefied biomass. Torrefaction of ground corn stover at 280 °C induced higher DML than torrefaction of the whole stalk. The whole corn stalk had higher HHV and energy yield values, probably due to its different fiber composition and less energy lost through devolatilization. In general, stalk pith and stalk shell had respectively the highest and the lowest DML, regardless of the torrefaction temperature. Stalk pith and cob shell had the lowest and the highest HHV, respectively. The energy yield of stalk pith was the lowest at both 250 and 280 °C. Furthermore, the energy yield of stalk shell was the highest but not significantly different than cob shell, regardless of temperature. The difference in the behavior of corn stover fractions was the consequence of different physical characteristics and fiber composition. Gas residence time did not have any significant effect on DML, HHV, and energy yield.
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