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Abstract

:

A combined ball milling and ethanol organosolv process is proposed for the pretreatment of three types of herbaceous biomass, giant miscanthus, corn stover, and wheat straw. The combined pretreatment was effective at both removing lignin and increasing the glucan content. After 120 min pretreatment, the glucan content increased to 63.09%, and 55.89% of the acid-insoluble lignin was removed from the giant miscanthus sample. The removal of cellulose, hemicellulose, and acetyl groups were correlated with the removal of lignin. The pretreatment of corn stover showed the highest removal of cellulose, but this was dependent on the removal of acid-insoluble lignin. The slope of the regression lines, which shows the correlation between the removal of lignin and cellulose, was lower than other correlations. The changes in biomass size were analyzed using size distribution graphs. With increasing pretreatment time, the particle size reduction improved in the three types of herbaceous biomass. Because of the combined physicochemical pretreatment, the enzymatic digestibility improved, and a maximum of 91% glucan digestibility was obtained from the pretreated corn stover when 30 FPU/g-glucan enzyme was added. Finally, compositional analysis of the recovered lignin from the remaining black liquor was investigated.
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1. Introduction


Sugars derived from herbaceous biomass are important platform chemicals and can be further converted to high-value-added chemicals and biofuels via thermochemical or biological routes [1,2]. Pretreatment is an essential step in producing sugars from herbaceous biomass. Pretreatment reduces the amount of the structural polymer lignin, as well as the crystalline cellulose structure, thus increasing the accessibility of enzymes to the holocellulose [3,4]. Recently, lignin has emerged as a renewable source of aromatics for the chemical industry [5]. Therefore, both carbohydrate and lignin fractionation should be considered when pretreatment steps are applied to herbaceous biomass.



Pretreatment consists of biological, chemical, or physical processes [6,7]. Recently, combined physical and chemical pretreatment processes have been proposed to enhance enzymatic hydrolysis [8,9,10,11,12]. These combined methods increase enzymatic accessibility and reduce energy consumption [13].



Ball milling is one physical pretreatment method. Previous studies have reported that ball milling increases the accessible surface area and pore size and reduces the crystallinity and the polymerization degree of cellulose [14,15,16,17]. Because chemical catalysts are not used, there is no significant change in the chemical composition [18]. As a chemical pretreatment approach, organosolv is a promising method for the alcoholysis of lignin from herbaceous biomass [19]. This pretreatment employs organic solvents, mainly alcohols, or their aqueous solutions, which can be later reused and recovered [20,21]. The advantage of using organosolv is that highly pure lignin is obtained as a solid from the liquid phase; this can be used for high-value products such as adhesives, fibers, and biodegradable polymers [20,22] or thermal fuel [23]. During the organosolv process, cellulose is recovered as a solid phase, whereas most of the lignin and partial hemicellulose is dissolved in the organic solvent as a liquid phase. The recovered solid, rich in cellulose, is readily hydrolyzed by enzymatic digestion because the lignin or hemicellulose has been removed, and this material can be used for further processing [24,25,26,27]. Finally, the fractionation of lignin and partial hemicellulose reduces the recalcitrance of the material to digestion and increases the accessibility of the material to enzymes, thereby enhancing enzymatic digestibility [28]. However, the two-stage pretreatment (physical and chemical) requires considerable energy, as well as additional reactors. Previous studies have reported that pretreatment combined with mechanical size reduction is effective in reducing the energy consumption in biorefinery plants [14,29,30,31,32,33].



In this study, we propose a novel pretreatment process where ball mill grinding and the ethanol-based organosolv process are conducted simultaneously. In this process, ball milling is used as a physical treatment to reduce the biomass size and improve enzymatic accessibility. Ethanol organosolv was used as a chemical treatment to fractionate the lignin, the major obstacle to cellulose digestion. In this study, the effects of the combined physicochemical pretreatment on fermentable sugar production were investigated using three types of herbaceous biomass.




2. Materials and Methods


2.1. Raw Materials


Three herbaceous biomasses namely, giant miscanthus (GM), corn stover (CS), and wheat straw (WS) were supplied by the Rural Development Administration (Wanju, Republic of Korea). The samples were air dried at room temperature and used directly in the pretreatment processes. The moisture contents of GM, CS, and WS were 2.92%, 3.08%, and 3.20%, based on the total wet biomass weight, respectively. The chemical compositions of the raw materials are shown in Table 1.




2.2. Combined Physicochemical Pretreatment


The combined ball milling and ethanol organosolv pretreatment was performed in a rotary-pressured type reactor (Hanul Engineering Co., Gunpo, Korea). For the pretreatment, 370 g of dried herbaceous biomass and 11 kg of alumina balls (Ø = 10 mm) were added to the reactor with 3.7 L of 60% (v/v) ethanol solution (1:10:30 (w/v/w) for biomass, solvent, and ball, respectively). The rotary-pressure-type reactor was kept at 170 °C for 30–120 min and rotated at 50 rpm. After reaction, it was cooled to 80 °C, and the mixture was separated into solid biomass, lignin-containing liquid, and alumina balls. The treated solid biomass was washed with distilled water and stored until use. After pretreatment, the particle size distribution of the pretreated biomass was determined by the shaking sieve method after drying at 45 °C overnight. The sieves used were US sieve numbers 6, 14, 20, 40, 80, 170, and 270 (sieve opening sizes: 3.35, 1.4, 0.85, 0.425, 0.180, 0.09, and 0.053 mm, respectively). Lignin was recovered from the remaining black liquor by 3-fold dilution with distilled water. After 24 h, the precipitated lignin was collected by filtration.




2.3. Enzymatic Digestibility


Enzymatic digestibility was analyzed according to the National Renewable Energy Laboratory (NREL) standard procedures [34]. A commercial cellulase (Cellic CTec 2, Novozymes Korea Ltd., Seoul, Korea) was used. The enzyme hydrolysis was performed at 50 °C and pH 4.8 (50 mM sodium citrate buffer) while the solution was shaken at 150 rpm. The quantity of cellulase loaded was 15 or 30 FPU (filter paper unit)/g-glucan. Experiments were conducted in 250-mL Erlenmeyer flasks with a total working volume of 100 mL, and the glucan concentration was maintained at 1.0% (w/v). Samples were taken periodically (0, 3, 6, 9, 12, 24, 48, 72, and 96 h) and boiled for 5 min to deactivate the enzymes, followed by filtration through a 0.45 µm nylon membrane filter for glucose content analysis using a high-performance liquid chromatography (HPLC) column (Bio-Rad Laboratories, Hercules, CA, USA). All experiments were performed in triplicate for error analysis. Finally, the glucan digestibility was calculated using Equation (1).


Lignin removal percentage (%) = 100 − mRe/mL × 100



(1)




where mRe refers to the dry weight mass of remaining lignin after composition analysis of solid residues and mL represents the mass weight of lignin in the original loaded biomass (mL = the loaded biomass mass weight × the lignin content) [35].




2.4. Compositional Analysis of the Solid and Liquid Phases


The compositions of the solid and liquid samples were determined according to analytical procedures of the NREL (NREL/TP-510-42623 for structural carbohydrates and lignins; NREL/TP-510-42618 for sugars in the liquids or in the hydrolyzates) [36,37]. The sugars were determined using a HPLC (Agilent 1260 Infinity, Agilent Technologies, Santa Clara, CA, USA) equipped with a refractive index detector (Agilent 1260 Infinity, Agilent Technologies, Santa Clara, CA, USA). A Bio-Rad Aminex HPX-87H column (300 mm length × 7.8 mm internal diameter) and a Cation H micro-guard cartridge (30 mm length × 4.6 mm internal diameter, Bio-Rad Laboratories Inc., Hercules, CA, USA) were used for sugar, organic acid, and decomposition product analysis. The samples were filtered using syringe filters having a 0.45-µm pore size before analysis, and 5 mM sulfuric acid was used as the mobile phase. The temperature of the column was set at 65 °C and the flow rate of the mobile phase was 0.5 mL/min. The remaining solid was filtered, dried, and burned in a muffle furnace at 575 °C for lignin analysis. The ash content of the samples was determined by complete combustion in a muffle furnace (DMF12, Romax, Co., Seoul, Korea) equipped with a temperature controller and by running a temperature ramp program according to the NREL/TP-510-42622 method. The remaining residue in the crucible was taken as the ash content [38]. The compositional analysis was performed in triplicate.





3. Results


3.1. Compositions of Herbaceous Biomasses Used in This Study


The compositions of the herbaceous biomass samples used in this study are presented in Table 1. GM had the highest carbohydrate and lignin content among the three types of herbaceous biomass: 43.8% glucan, 21.22% xylan, mannan, and galactan (XMG), and 20.51% lignin (acid soluble + acid insoluble). In contrast, CS and Wheat straw (WS) contained approximately 50% carbohydrates and 14% lignin. However, the extractive content of GM was much lower than those of CS and WS. The differences in biomass composition could be due to the characteristics of each herbaceous biomass source. These differences in composition result in unique physical/chemical properties. Therefore, it is important to find the optimum pretreatment conditions that are tailored to the properties of each biomass type.




3.2. Composition Changes after Combined Physicochemical Pretreatment


The goals of pretreatment are to reduce the lignin content to improve the accessibility of the enzyme and to increase the glucan and XMG content. Wanting to optimize the combined physicochemical pretreatment conditions, we investigated the conditions where lignin removal was maximal while the cellulose content was maintained.



Table 2 presents the compositional changes with increasing reaction time of the GM sample after pretreatment. The combined pretreatment by ball mill and ethanol organosolv was effective in both removing acid-insoluble lignin (AIL) and increasing glucan content in GM (Table 2). With increasing reaction time, the glucan content increased to 63.09% after 120 min reaction. Removal of acid-insoluble lignin increased with reaction time. The XMG contents decreased when the reaction time increased from 90 to 120 min (Table 2), and the acetyl group contents also decreased. However, the AIL content did not decrease but the glucan content increased by about 6% when the remaining solid is considered.



Table 3 presents the changes in the composition of corn stover before and after the combined physicochemical pretreatment with increasing reaction time. The AIL removal yield of corn stover linearly increased to 52.04% during 90 min reaction. The acetyl group content continuously decreased from 2.76% to 1.65% and glucan content steadily increased over 120 min reaction. However, the XMG content changed from 23.89% to 22.08% from 30 to 90 min of reaction time, respectively. The reason for this change could be the removal of extractives by ethanol. As shown for giant miscanthus, the AIL removal slightly increased to 53.91% after 120 min reaction when compared to that after 90 min reaction.



Table 4 shows the compositional changes of wheat straw. The removal percentage of AIL reached 48.39% after 120 min, which is less than those of GM and CS. Like the other biomass types, the XMG and acetyl group contents steadily decreased but the glucan content increased with reaction time, up to 120 min. The AIL content did not seem to change significantly. However, considering the relative content in the remaining solid, the AIL content was greatly decreased.



In previous studies, the pretreatment of lignocellulosic biomasses was carried out using acidic catalysts. El Hage et al. obtained 62% AIL removal of Miscanthus samples when using 44% EtOH with 0.5% H2SO4 catalyst [39]. Huijgen et al. removed lignin from wheat straw using an acid catalyst and obtained a 56% removal yield [40]. However, using an acid catalyst caused the dissolution of glucan into the liquid, and the acidic solution corroded the pretreatment equipment. In contrast, the combined physicochemical pretreatment used in this study did not cause a loss of glucan and showed good lignin removal yields.



After 30 min reaction time, of the three herbaceous biomass types, the highest percentage of remaining solid was found for GM. The percentages of remaining solid were 79.25%, 56.98%, and 64.47% for GM., CS, and WS, respectively. The remaining solid could be related to the extractive content. The extractive contents (water + ethanol) were 6.43%, 24.85%, and 19.88% for GM, CS, and WS, respectively, after 30 min pretreatment. The extractives were drawn into the liquid by ethanol during the combined physicochemical pretreatment. The remaining solid further decreased with reaction time, and the lowest value was 39.28% in the case of CS because it had the highest extractive content and, thus, underwent the highest removal of the main components.




3.3. Correlation of Lignin Removal with the Removal of Other Compounds


Using the combined physicochemical pretreatment, lignin was mostly removed, and cellulose/hemicellulose were partially removed. The robustness (or recalcitrance) of the lignocellulosic biomass is attributable to the crosslinking between the polysaccharides (cellulose and hemicellulose) and lignin via ester and ether linkages [41]. During the combined physicochemical pretreatment, the polysaccharides were first disconnected from lignin. The newly freed celluloses became dissolved in the ethanol and were broken down into monosaccharides. Simultaneously, lignin and hemicellulose were concurrently fractionated. The correlation between lignin removal with the removal of the various components is presented in Figure 1. It was found that the removal of cellulose, hemicellulose, and acetyl groups is correlated with lignin removal. As shown by the regression lines in Figure 1a, the dissolution of cellulose into the liquor occurred simultaneously with the removal of AIL. With increasing AIL removal, the cellulose dissolution also increased. The regression line for CS has a different slope compared to those of the other herbaceous biomass samples (Figure 1). CS showed higher removal of cellulose depending on the removal of AIL. For example, the percentages of removed cellulose were 66%, 35%, and 29% for CS, WS, and GM, respectively, at the 100% AIL removal point on the regression lines (Figure 1a). The correlation between lignin removal and hemicellulose removal is different from the correlation between the removal of lignin and cellulose. The slopes of the regression lines, which show the correlation between the removal of lignin and hemicellulose, is higher than that of lignin and cellulose because the hemicellulose is more easily removed because of the weak and amorphous structure. From our results, we determined that hemicellulose was rapidly removed when the AIL was dissolved during the combined ball milling and organosolv pretreatment. The correlation between the removal of lignin and acetyl groups also showed a similar pattern to that of hemicellulose. The cleavage of acetyl groups occurred rapidly, and the acetyl groups were also removed when AIL was removed (Figure 1c). Using the combined physicochemical pretreatment, the removal of crosslinking between lignin and the other compounds (cellulose, hemicellulose, and acetyl group) occurred initially. Subsequently, the components were dissolved and removed. However, complete AIL removal was difficult because of the strong crosslinks between the polysaccharides and lignin.




3.4. Changes in Biomass Particle Size


The change in the size of the biomass particles with pretreatment time was investigated and expressed by calculating the number of particles that passed through sieves of different mesh sizes. All untreated herbaceous biomass samples showed positive skewness (Figure 2). With increasing pretreatment time, the size distribution curves became negatively skewed. The particle sizes after 30 and 60 min pretreatment did not significantly change when compared to those of the untreated samples (data not shown). However, significant changes to the size distribution curves were found after 90 min pretreatment time. Many untreated GM particles were collected after sieving through a 20-mesh sieve. With increasing pretreatment time, the relative amount of GM increased between the 40- and 170-mesh sieves. After 120 min pretreatment, a significant increase was found for the 40-mesh and 170-mesh sieves, indicating that the GM particles had become finer. Figure 2b shows that the relative amount of CS particles passing through the 80-mesh sieve drastically increased from 0.02% to 0.4% after 120 min pretreatment. Meanwhile, the relative number of CS particles larger than 20 mesh was reduced by the pretreatment. Similar results were also found for WS (Figure 2c). In this study, the ball milling process ground the biomass because of the friction between the ball and the biomass. Based on our results, ball milling was effective in pretreating the three types of herbaceous biomass used in this study.




3.5. Enzymatic Digestibility of Pretreated Herbaceous Biomasses


To evaluate the effect of pretreatment on cellulose accessibility, the enzyme digestibility was compared before and after the combined physicochemical pretreatment. Untreated GM showed very low glucan digestibility, less than 10%. Even when the enzyme dosage was doubled, the glucose production did not increase significantly. However, the combined physicochemical pretreatment significantly improved the glucan digestibility. For the pretreated samples, a five-fold increase in glucan digestibility was obtained compared to that of the untreated sample (Figure 3a). In addition, the glucan digestibility increased with increasing enzyme dosage. Untreated CS showed relatively higher glucan digestibility than the other two types of herbaceous biomass. However, the glucan digestibility drastically increased after the combined physicochemical pretreatment. Specifically, treated CS showed 91% glucan digestibility when the enzyme dose was 30 FPU/g-glucan (Figure 3b). Untreated WS showed less than 20% glucan digestibility, even after the addition of 30 FPU/g-glucan (Figure 3c). The treated WS showed 79% and 88% glucan digestibility for enzyme doses of 15 and 30 FPU/g-glucan, respectively, as shown in Figure 3c. These results indicate that the combined physicochemical pretreatment used in this study increased the cellulose surface area available for reaction with cellulase, improving enzyme accessibility.




3.6. Composition of Recovered Lignin from the Black Liquor


Lignin is byproduct in this process, but it is a very useful compound having biopolymer applications [42]. With increasing pretreatment time from 30 to 120 min in GM, the recovered lignin (AIL and acid-soluble lignin (ASL)) increased from 57.61% to 80.26% (Table 5). In contrast, the contents of glucan and XMG decreased. The contents of recovered lignin were 71.29% and 64.86% for CS and WS, respectively, after 120 min pretreatment. With increasing pretreatment time, the quantity of recovered lignin increased significantly for GM but increased only slightly for CS and WS.





4. Conclusions


A combined ball milling and ethanol organosolv pretreatment was effective in both increasing the glucan content and removing the acid-insoluble lignin. With increasing pretreatment time, the glucan content and lignin recovery were improved in all three types of herbaceous biomass. Lignin removal was correlated with the removal of cellulose, hemicellulose, and acetyl groups but the slope of the plot of cellulose removal to lignin removal was lower than those of the others. In summary, the combined pretreatment significantly improved the enzyme digestibility of all herbaceous biomass samples tested in this study.
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Figure 1. Correlation between the removal of lignin and other compounds: (a) cellulose; (b) hemicellulose; and (c) acetyl group by the combined physicochemical pretreatment. 
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Figure 2. Biomass particle size distributions before and after the combined physicochemical pretreatment at different reaction times: (a) GM; (b) CS; and (c) WS. 
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Figure 3. Glucan digestibility before and after pretreatment depending on enzyme dosage: (a) GM; (b) CS; and (c) WS. 
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Table 1. Compositions of the three types of herbaceous biomass used in this study. GM: Giant Miscanthus; CS: corn stover; WS: wheat straw.
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Compositions (%)

	
GM

	
CS

	
WS






	
Carbohydrates

	
Glucan

	
43.77 ± 0.07

	
30.30 ± 0.26

	
31.42 ± 0.44




	
Xylan

	
21.22 ± 0.08

	
16.58 ± 0.19

	
21.38 ± 0.09




	
Mannan

	
-

	
0.60 ± 0.21

	
-




	
Galactan

	
-

	
1.53 ± 0.47

	
1.56 ± 0.14




	
Arabinan

	
0.50 ± 0.01

	
0.82 ± 0.02

	
1.00 ± 0.02




	
Sub Total

	
65.49

	
49.83

	
55.36




	
Lignin

	
Acid soluble

	
0.96 ± 0.01

	
1.47 ± 0.03

	
1.11 ± 0.02




	
Acid insoluble

	
19.55 ± 0.01

	
12.38 ± 0.09

	
13.47 ± 0.24




	
Sub Total

	
20.51

	
13.85

	
14.58




	
Extractive

	
Water

	
4.96 ± 0.71

	
21.14 ± 0.12

	
17.11 ± 0.33




	
Ethanol

	
1.47 ± 0.11

	
3.71 ± 0.22

	
2.77 ± 0.27




	
Sub Total

	
6.43

	
24.85

	
19.88




	
Acetyl group

	
3.88 ± 0.02

	
2.76 ± 0.06

	
3.02 ± 0.06




	
Ash

	
2.18 ± 0.03

	
7.92 ± 0.05

	
7.36 ± 0.10




	
Total

	
98.49

	
99.21

	
100.2
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Table 2. Changes in composition of giant miscanthus after the combined ball mill and organosolv pretreatment performed at 170 °C at 50 rpm rotation. XMG: xylan, mannan, and galactan; AIL: acid-insoluble lignin.






Table 2. Changes in composition of giant miscanthus after the combined ball mill and organosolv pretreatment performed at 170 °C at 50 rpm rotation. XMG: xylan, mannan, and galactan; AIL: acid-insoluble lignin.





	
Time (min)

	
Solid Remaining (%)

	
Glucan (%)

	
XMG 1 (%)

	
Acetyl Group (%)

	
AIL (%)

	
AIL Removal Percentage (%)




	
Initial

	
100

	
43.77

	
21.22

	
3.88

	
19.53






	
30

	
79.25

	
50.01

	
23.03

	
3.73

	
16.28

	
33.95




	
60

	
72.29

	
52.22

	
21.79

	
3.36

	
15.89

	
41.18




	
90

	
65.41

	
56.90

	
20.72

	
3.04

	
14.30

	
52.11




	
120

	
57.44

	
63.09

	
15.14

	
2.10

	
15.00

	
55.89
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Table 3. Change in composition of corn stover after the combined ball mill and organosolv pretreatment performed at 170 °C with 50 rpm rotation.
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Time (min)

	
Solid Remaining (%)

	
Glucan (%)

	
XMG (%)

	
Acetyl Group (%)

	
AIL (%)

	
AIL Removal Percentage (%)




	
Initial

	
100

	
30.30

	
18.71

	
2.76

	
12.23






	
30

	
56.98

	
46.51

	
23.89

	
2.62

	
14.61

	
31.92




	
60

	
48.32

	
48.58

	
22.91

	
2.18

	
14.97

	
40.84




	
90

	
42.24

	
51.73

	
22.08

	
1.93

	
13.89

	
52.04




	
120

	
39.28

	
53.16

	
20.27

	
1.65

	
14.35

	
53.91
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Table 4. Change in composition of wheat straw after the combined ball mill and organosolv pretreatment performed at 170 °C with 50 rpm rotation.






Table 4. Change in composition of wheat straw after the combined ball mill and organosolv pretreatment performed at 170 °C with 50 rpm rotation.





	
Time (min)

	
Solid Remaining (%)

	
Glucan (%)

	
XMG (%)

	
Acetyl Group (%)

	
AIL (%)

	
AIL Removal Percentage (%)




	
Initial

	
100

	
31.42

	
22.94

	
3.02

	
14.61






	
30

	
64.47

	
41.36

	
27.83

	
2.61

	
14.53

	
35.90




	
60

	
58.07

	
44.93

	
26.76

	
2.45

	
15.19

	
39.62




	
90

	
52.06

	
48.78

	
24.13

	
2.29

	
15.55

	
44.58




	
120

	
50.70

	
50.15

	
22.71

	
1.97

	
14.87

	
48.39
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Table 5. Composition of lignin obtained from the black liquor depending on pretreatment time. ASL: acid-soluble lignin; AIA: acid-insoluble ash.
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Biomass

	
Time (min)

	
AIL (%)

	
ASL (%)

	
AIA (%)

	
Glucan (%)

	
XMG (%)

	
Acetyl Group (%)






	
GM

	
30

	
55.62

	
1.99

	
5.39

	
14.57

	
12.60

	
2.59




	
60

	
59.02

	
1.85

	
5.41

	
10.74

	
13.00

	
2.65




	
90

	
62.27

	
2.06

	
6.57

	
11.34

	
13.96

	
2.71




	
120

	
77.94

	
2.32

	
1.58

	
2.66

	
11.87

	
2.73




	
CS

	
30

	
59.37

	
3.07

	
2.90

	
5.83

	
5.56

	
1.14




	
60

	
64.28

	
3.29

	
2.34

	
5.76

	
6.23

	
1.37




	
90

	
56.34

	
3.78

	
2.32

	
6.14

	
7.28

	
1.42




	
120

	
67.81

	
3.48

	
2.39

	
4.68

	
6.28

	
1.24




	
WS

	
30

	
50.91

	
3.65

	
2.97

	
10.47

	
12.24

	
1.93




	
60

	
54.42

	
2.78

	
4.30

	
10.10

	
11.44

	
1.69




	
90

	
55.38

	
3.03

	
3.22

	
8.16

	
12.97

	
1.97




	
120

	
61.66

	
3.20

	
2.32

	
5.94

	
12.24

	
1.90
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