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Fig S1. Aromatic region of 2D HSQC NMR spectra of lignin. S/G/H ratios were semi-quantified

from the volume integration. The chemical structures of S, G, H, pCA and FA are in panel B.

The chemical shifts of these structures were in Table S1.
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34 Table S1. Assignments of lignin chemical structures in 2D HSQC NMR.!2

Lignin structures™® £ ol
(ppm) (ppm)
Ia (a position in f—0—4") 5.0 74.5
Ila (o position in f-57) 5.5 87.7
e (a position in f—f7) 4.7 85.0
Cy/H; in guaiacyl units (G;) 6.8 111.3
C,.6/Hy 6 in p-hydroxyphenyl units (Hy) 7.3 127.2
C,.6/Hz 6 in syringyl units (Sy) 6.7 103.8
C,6/Hz6 in p-Coumarate (pCA ) 7.6 130.0
Cy/Hy in p-Coumarate (pCA,) 7.6 145.0
C,/H; in Ferulate (FA,) 7.5 111.5
Ce¢/Hg in Ferulate (FAg) 7.3 128.3
C./Hy in Ferulate (FA,) 7.5 144.5
35 *Lignin linkages and units are shown in Fig. S1 and Fig. 7, respectively.
36
37 Table S2. Ash content of lignin samples.
Lignin samples Ash content (%)
Corn stover 0.52
Switchgrass 0.10
Loblolly pine 0.10
Red cedar 0.11
Sugar maple 0.10
38
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40 Fig. S2. FTIR spectra of lignin (3800-800 cm!). The peaks at about 1720 cm! were assigned to

41 the stretching vibrations of carbonyl groups in lignin.
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44 Fig. S3. GPC spectra of lignin from different biomass.
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Table S3. Molecular weight and polydispersity index (PDI) of lignin.

Lignin samples Mn Mw PDI
Corn stover 1245 3056 2.45
Switchgrass 1127 2633 2.33
Loblolly pine 1270 2533 1.99
Red cedar 1462 3096 2.11
Sugar maple 1257 2791 2.22
.18
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Fig. S4. The second heating cycles (60-220 °C) of DSC thermograms of lignin-based fibers. The

glass transition temperatures (7,) were calculated using TRIOS software (TA Instrument) and

given in each figure.
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Ry =H, Ry=H: p-coumaryl alcohol (formed H lignin)
Ri=OMe, R, = H: coniferyl alcohol (formed G lignin)
R, = OMe, R,= OMe: sinapyl alcohol (formed S lignin)
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55 Fig. S5. Formation of lignin interunitary linkages during lignin polymerization. A, radical
56 formation by monolignol oxidation with oxidase and followed by radical delocalization. R4, Rs,
57 Ry, Ry, and Rj represented radicals formed on Cy4-O, Cs, Cy, Cy, and C; positions, respectively. B,
58 radical-radical coupling to form S-O-4, -5, and f-f linkages using monolignol dimerization as
59 an example. The newly formed bonds in radical coupling and re-aromatization were highlighted

60 in bold. The image was drawn based on the Morreel et al (2010)° and Vanholme et al (2010).4
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66 Fig. S6. Mechanical properties of the as-spun fibers made of lignin/PAN at different weight

Table S4. The yields of carbon fibers made from different biomass.

Tensile strength (MPa)

Lignin samples

Carbonization (%)?

Corn stover
Switchgrass
Loblolly pine
Red cedar

Sugar maple

51.3
52.6
56.6
57/0
59.4

29 is based on as-spun fibers.
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67 ratios of 50:50, 65:35, and 75:25.
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Fig. S7. TEM and electronic diffraction image of carbon fibers made of pure PAN (left) and

hardwood lignin/PAN blend (right).

Table S5. Comparisons of lignin-based carbon fiber (CF-Lig) with pure PAN-based carbon fiber

(CF-PAN) as obtained in this study and in other reports.

Tensile strength

Lignin MOE (GPa) (MPa) Elongation (%)
Ref. Lignin | Blend / Spin CF CF CF CF CF CF
blend - - io? B - io? - - io?
Lig | panN | R3UO" | i | pan | RAUO" | i | pan | Ratio
. SW 3500
%;‘8;;321 PEG | nd | nd I:[‘:Illt 26.2 25%%' 0.131° | 457 | - | 0.131° | 2.11 02'82' 2,638
lignin p 6300 :
Thunga SW .
etal | Kraft | PLA | L1 Exg::s" 0'(;22 64 | 0.004 | 175| 41 | 0427 | nd. | nd | nd
(2014)° | lignin
Ding et cs PAN Electro-
organo ) ectro
al el mw |1 . 24 | 64 | 0375 | 22 | 41 | 0537 | 1.2 | 08 | 1.50
@o16y | 5oV | 150K) spin
lignin
. PAN
Liwetal | Soda -\ pgy | 37 Gel 1 o4 | 193 | 1005 | 37 | 1540 | 0.890 | 0.72 | 0.83 | 0.867
(2017) lignin spin 0
250K)
. SW | PAN
{;‘6?;‘91 Kraft | (MW | 1l :Vle; 1057 | 1552 | 0.681 150 1380 | 0.870 | 1.1 | 09 | 1.222
lignin | 233K) P
. HW | PAN
Eh‘:r AA | MW | 1:1 :Vflf 404 | 405 | 0998 | 472 | 453 | 1.042 | 1.51 | 1.40 | 1.079
pap lignin | 150K) P

a, the ratioes in the table represented the ratio of CF-Lig mechanical properties to that of the CF-PAN; b, calculated
from the low end of PAN-based carbon fiber. CF-Lig, lignin-based carbon fiber; CF-PAN, PAN-based carbon fiber;
MOE, modulus of elasticity; PLA, polylactic acid; MW, molecular weight; AA lignin, acetic acid lignin; PEG,
polyethylene glycol; n.d., no data.
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