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Fig. S1. The effects of PFI refining on UBKP, SCHW, and wheat straw pulp on the freeness.
Table S1. Fiber characteristics and physical properties of handsheets for the unrefined condition and 4,500-revolutions refined condition of each pulp.  Note: 1Length weighted and 2Arithmetic averages. 

	
	UBKP
	SCHW
	Wheat straw

	
	Unrefined
	4,500-rev refined
	Unrefined
	4,500-rev refined
	Unrefined
	4,500-rev refined

	Fiber length1 (mm)
	2.71 ± 0.06
	2.68 ± 0.05
	1.21 ± 0.06
	0.92 ± 0.04
	0.83 ± 0.02
	0.52 ± 0.04

	Mean width2(µm)
	36.40 ± 0.28
	33.83 ± 0.15
	20.57 ± 0.15
	22.92 ± 0.07
	17.87 ± 1.68
	18.10 ±0.71

	Mean Curl Index1
	0.07 ± 0.00
	0.24 ± 0.02
	0.14 ± 0.01
	0.07 ± 0.00
	0.12 ± 0.01
	0.06 ± 0.00

	Kinks (1/mm)
	0.49 ± 0.01
	1.58 ± 0.03
	1.81 ± 0.05
	1.18 ± 0.06
	2.13 ± 0.02
	1.50 ± 0.07

	Length Weighted Fines (%)
	6.40 ± 0.24
	3.77 ± 1.09
	5.03 ± 0.46
	10.36 ± 1.69
	15.44 ± 0.80
	25.72 ± 1.09

	Arithmetic Fines (%)
	52.93 ± 1.37
	38.17 ± 5.74
	29.75 ± 1.36
	43.78 ± 3.76
	48.54 ± 1.35
	55.54 ± 0.99

	WRV (gw/gf)
	1.75 ± 0.02
	2.27 ± 0.33
	1.24 ± 0.07
	1.84 ± 0.01
	1.99 ± 0.04
	3.16 ± 0.13

	Basis weight (g/m2)
	162.8 ± 8.6
	163.4 ± 8.1
	166.3 ± 8.2
	155.9 ± 2.5
	160.2 ± 2.9
	164.7 ± 4.1

	Caliper (µm)
	468.8 ± 29.5
	306.0 ± 7.9
	517.2 ± 32.5
	301.8 ± 2.1
	285.0 ± 7.7
	199.8 ± 8.01

	Sheet density (kg/m3)
	347.6 ± 6.7
	533.7 ± 12.9
	321.9 ± 11.4
	516.5 ± 9.74
	562.3 ± 12.8
	825.0 ± 12.7

	Tensile index (N·m/g)
	36.59 ± 1.94
	66.91 ± 4.87
	4.56 ± 0.34
	41.80 ± 5.63
	33.50 ± 1.79
	55.71 ± 7.14

	Ring crush index (N·m/g)
	8.05 ± 0.22
	15.57 ± 0.93
	2.17 ± 0.11
	15.25 ± 0.76
	13.65 ± 0.40
	17.16 ± 3.76
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Fig. S2. The changes in length-weighted fines content versus energy consumption for UBKP, SCHW, and WS pulps 
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Fig. S3. Cross-section SEM images of heavily refined pulp handsheets of (a) UBKP, (b) SCHW, and (c) Wheat straw
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Fig. S4. Tensile index versus sheet density of unrefined and recycled UBKP, SCHW, and wheat straw handsheets with heavily and lightly refined conditions
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Figure S5.  The Yield and Yield’ of multiple recycle loops of all materials with heavily and lightly refined conditions.

Table S2. Result of the experimental yield for each pulp and weighted yield of WS25%+ SCHW75%

	Cycle
	SCHW Yield
(%)
	WS Yield
(%)
	25%WS+75%SCHW Yield (%)
	Weighted Yield
(%)
	% Difference,
(Weighted-Actual)/Actual*100%

	0
	82.3
	85.3
	80.0
	83.0
	3.8

	1
	95.0
	87.9
	93.6
	93.2
	-0.3

	2
	97.9
	93.0
	96.1
	96.6
	0.6

	3
	95.0
	92.9
	94.0
	94.5
	0.5

	4
	93.3
	87.6
	92.5
	91.8
	-0.7



[image: image6]
Fig. S6.  Surface images (SEM) of handsheets under the unrefined and recycled condition with the light refined level for (a) SCHW, (b) Wheat straw, and (c) Wheat straw 25% + SCHW 75%

Table S3. Physical properties of handsheets for each pulp in recycle loops with a lightly refined condition

	Cycle
	Basis Weight (g/m2)
	Caliper
(µm)
	Sheet Density (kg/m3)
	Tensile Index, (N·m/g)
	Ring Crush Index (N·m/g)

	SCHW

	Unrefined
	166.29 ± 8.24
	517.24 ± 32.45
	321.87 ± 11.39
	4.56 ± 0.34
	2.17 ± 0.11

	0
	150.46 ± 8.26
	409.56 ± 19.54
	367.29 ± 5.5
	8.42 ± 0.51
	3.58 ± 0.23

	1
	152.74 ± 3.44
	438.24 ± 10.82
	348.58 ± 5.49
	5.3 ± 0.4
	2.01 ± 0.17

	2
	153.46 ± 2.87
	432.45 ± 9.92
	354.91 ± 4.8
	5.47 ± 0.39
	2.27 ± 0.12

	3
	152.64 ± 3.48
	437.45 ± 14.25
	349.02 ± 4.33
	5.61 ± 0.52
	2.25 ± 0.13

	4
	161.46 ± 2.98
	435.64 ± 3.58
	370.60 ± 5.45
	6.34 ± 0.62
	2.40 ± 0.21

	WS

	Unrefined
	160.19 ± 2.87
	285 ± 7.73
	562.28 ± 12.82
	33.5 ± 1.79
	13.65 ± 0.4

	0
	165.68 ± 2.67
	238.32 ± 4.52
	695.43 ± 18.53
	40.84 ± 0.67
	16.38 ± 1.05

	1
	154.19 ± 2.35
	255.92 ± 9.4
	603.2 ± 25.73
	26.63 ± 2.33
	12.01 ± 0.82

	2
	163.79 ± 2.44
	274.32 ± 2.27
	597.07 ± 6.94
	23.33 ± 0.39
	11.42 ± 0.14

	3
	153.9 ± 1.4
	258.96 ± 3.98
	594.37 ± 7.27
	23.13 ± 1.26
	11.03 ± 0.31

	4
	152.22 ± 1.94
	246.4 ± 4.16
	617.91 ± 12.66
	22.4 ± 0.68
	10.9 ± 0.14

	WS25%+SCHW75%

	Unrefined
	166.65 ± 6.34
	449.56 ± 20.32
	370.81 ± 4.27
	13.37 ± 0.57
	5.28 ± 0.29

	0
	153.84 ± 5.33
	358.96 ± 18.65
	428.91 ± 9.62
	21.54 ± 0.6
	8.32 ± 0.18

	1
	154.72 ± 2.48
	371.4 ± 5.27
	416.6 ± 5.29
	15.33 ± 0.76
	5.97 ± 0.17

	2
	153.54 ± 3.45
	374.2 ± 8.98
	410.36 ± 6.11
	13.11 ± 1.31
	5.56 ± 0.33

	3
	164.03 ± 2.25
	396.84 ± 8.28
	413.4 ± 4.13
	13.4 ± 0.18
	5.31 ± 0.15

	4
	154.64 ± 4.26
	381.72 ± 8.42
	405.08 ± 3.5
	12.69 ± 0.44
	5.05 ± 0.13


2. Suggestions for future studies

1. A pressing process might be added to the experimental procedure to consider the effect of pressing on recycled yields. 
2. To represent packaging production more accurately, pulps should be refined to the appropriate level based on the paper product's specifications. 
3. A modified drying process would be a valuable addition to future experiments. A drum dryer would correspond more closely to the papermaking process (times and temperatures) than the present parameters used with a speed dryer. 
4. Finally, this data should be used in an environmental life cycle analysis to evaluate the sustainability of different fiber pulps, especially with regard to the ultimate number of uses for each fiber type
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