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Supplementary Results
Assignment of bands in FTIR spectra of kraft lignin

Lignin contains various types of functional groups depending on lignocellulosic biomass
species and isolation methods. Figure S1 shows a representative FTIR spectrum of raw kraft lignin
used in the current work, and the assignments of common absorption bands are summarized in
Table S1. A broad absorption peak in the range of 3700-3000 cm™ is attributed to the —OH
stretching of adsorbed moisture and hydroxyl groups (both phenolic and aliphatic).! The bands
centered at 2934.8 cm™! are associated with C—H stretching in methyl (~CHs) and methylene
(=CHy>) groups of the side chains.? The bands at 2842.7 cm~* correspond to the C—H stretching of
aromatic methoxy (-OCHs) group.! The sample also shows the characteristic aromatic skeleton
(phenylpropane unit) stretching vibrations at 1594.5, 1511.5, 1462.3 and 1426.9 cm™%,%% and C-
H bending vibration in the side chains of the phenylpropane unit at 1451.2 and 1366.4 cm .3 Other
strong bands include those at 1699.1 cm~* (C=0 stretch, unconjugated ketone, carboxyl, and ester
groups), 1265.1 cm (asymmetric aryl ring stretching), 1207.7 cm= (asymmetric C-H
deformation), 1266 cm=! (aryl ring breathing), 1142.7 cm~! (aromatic C-H in-plane deformations
in guaiacyl units, secondary alcohols and C-O stretching), 1124.3 cm™! (aromatic C-H in-plane
deformations in guaiacyl units, secondary alcohols and C-O stretching), 1078.1 cm™* (C-O
deformation in secondary alcohols and aliphatic ethers), 1028.9 cm (aromatic C—H in plane
deformation), 853.4 cm~! (C—H deformation of out of plane, aromatic ring), and 814.8 cm~! (C—

H deformation of out of plane, aromatic ring).?
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Table S1. Moisture content of kraft lignin dried at different temperatures.

Drying Temperature (°C) | Moisture Content (wt%o)
25 7.4+0.21

50 4.5+0.15

75 2.240.16

100 1.4+0.11

125 0.5+0.08

150 0
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Table S2. Assignment of bands in FTIR spectra of kraft lignin

Bands | Assignment Ref.
(cm™)
3345.9 | O—H stretch, H-bonded !
2934.8 | C—H stretch on methyl and methylene groups 2
2842.7 | C-H Stretch in methyl and methylene groups !
1699.1 | C=0 stretch, unconjugated ketone, carboxyl, and ester groups !
1652.3 | Bending of H-O-H groups, absorbed water 8
1594.5 | Aromatic skeletal vibrations plus C = O stretch 3.6
1511.5 | Aromatic skeletal vibrations of lignin and C=0 stretching 3.6
1462.3 | C-H deformations; asymmetric -CHs and -CH»- aromatic 5
skeletal vibrations combined
1451.2 | C-H deformations; asymmetric -CHz and -CH.- 3.9
1426.9 | Aromatic skeletal vibration combined with C—H in plane 3.5
deformation
1366.4 | Aliphatic C-H Stretch in CHgz, not in OMe; phenolic OH 8
1265.1 | Guaiacyl ring vibrations and C-O stretching 8
1207.7 | C-C, C—O stretching 8
1142.7 | Aromatic C-H in-plane deformations in guaiacyl units and 3
secondary alcohols, and C-O stretching
1124.3 | Aromatic C-H in-plane deformations in guaiacyl units and 3
secondary alcohols and C-O stretching
1078.1 | C-O deformation in secondary alcohols and aliphatic ethers 8
1028.9 | aromatic C-H in-plane deformation 3.8
853.4 C—H deformation of out of plane, aromatic ring 8
814.8 C—H deformation of out of plane, aromatic ring 8
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Table S3. Assignment of the FTIR (von) bands of kraft lignin

—OH bending affected by water absorption

Wavenumber of | Band assignment Ref.

bands (cm™)

3602.5 Weakly hydrogen-bonded water 6.9

3555 Weakly adsorbed water or 4,10.11
intramolecular hydrogen bond in a phenolic group

3496 Valence vibration of H-bonded OH groups or 12
moderately H-bonded water

3372 Intramolecular H-bonded -OH stretching 13

3280 -OH intramolecular and intermolecular 14
stretching modes

3149 Strongly H-bonded water 3.6

1636 -OH bending in adsorbed water 4,815

S5




Table S4. Comparison of rigid foams and lignin-based foams”

Substrates Foams Density Compressive | Thermal Ref.
(g9/cm?3) Strength conductivity
(MPa) (W m?K?)
Lignin-based Rigid foam 0.519 12.87 16
foam PU foam
Fly ash, polyurea | Core material 0.544-0.604 | 16.83-19.15 16
modified by surface
coating of 10-40%
polyurea
Fly ash, PU Core material 0.932 31.44 16
impregnated by PU
Expanded 0.562 2.99 0.33 17
polystyrene
foam (EPS)
Polystyrene Rigid cellular 0.012-0.048 | 0.035-0.414 0.55-0.76 18
polystyrene thermal
insulation
PU Rigid cellular PU 0.019-0.048 | 0.104-0.690 0.81-0.88 19
thermal insulation
PU, PU modified 6-15 20
polyisocyanurate | polyisocyanurate
cellular plastic
Low density PU | PU foam 0.117 21
Lignin, PU 5-30% lignin 0.0314- 0.16-0.18 0.024 - 0.025 | %
incorporated PU 0.0365
foam
Lignin 100% lignin 0.18-0.7 7.3-30.16 23
Lignin Flexible PU foam 0.058-0.095 | 0.018-0.055 24
(Modulus)
Lignin, PU PU foam 0.042-0.044 | 0.19-0.30 0.0226- 25
0.0345
Lignin PU foam 0.0339- 0.102-0.202 0.0233-0.025 | %
0.0422
Lignin Rigid PU foam 0.024-0.030 | >0.12 0.017-0.030 | %’
Lignin, bio- 0.041-0.044 0.023 28
polyol,
Lignin, polyether 0.036-0.120 | 0.09-0.47 0.025-0.027 | ?°
polyol
Lignin, bio- 0.037-0.038 | 0.06-1.12 30
phenol
formaldehyde

“PU: polyurethane
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Figure S1. Typical Fourier-transform infrared (FTIR) spectra of raw kraft lignin.
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Figure 2. Effect of sample size on the thermal properties of kraft lignin sample (KL25) cold-pressed at 300 psi: (a) TG, (b) DTG, and
(c) DSC.
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Figure S3. SEM images of foam under 100x magnification; (a) LF25, (b) LF50, (c) LF75, (d)

LF100, (¢) LF125, and (f) LF150.
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Figure S4. Correlation of lignin foam density and thermal conductivity.
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