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Lignin 
samples

BIOMASS FRACTIONATION METHODS

 Softwood
 Hardwood
 Wheat straw
 Corn stover
 Bamboo

FEEDSTOCK SOURCES

 Solvent evaporation
 CO2 acidification
 Electrochemical 

acidification
 Solid-liquid separation
 Mineral acidification

PRECIPITATION / RECOVERY 
METHODS

 Kraft pulping
 Soda pulping
 Bisulfite pulping
 Ionic liquid
 Ethanol and catalytic organosolv
 Dilute mineral acid

Figure ESI-1. Overview of the feedstock, fractionation and recovery methods for the investigated lignins
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Lignin
Insoluble
(Hexane)

Partially 
Soluble

(Butanol)

Soluble
(Aniline)

CO2 precipitated 
Kraft lignin
1-softwood

Ionic Liquid Lignin 

CO2 precipitated 
Kraft lignin
2-softwood

Figure ESI-2. Examples of approach for classifying different lignins as insoluble, partially soluble and soluble
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Hansen Solubility Parameter in Practice (HSPiP) calculation approach
The default algorithm embedded in the software for determining the Hansen Solubility 
Parameters (sphere centre coordinates and radius) is based on the quality of fit or desirability 
function as described by HansenI and GharagheiziII. The input data (soluble “1”, insoluble”0” or 
partially soluble “2”) originates from experimental evaluation. The form of the function is as 
shown:

𝐷𝑎𝑡𝑎 𝐹𝑖𝑡 =  𝑛 𝐴1 × 𝐴2 × 𝐴3 × ⋯⋯𝐴𝑛

With n representing the number of solvents represented by experimental data in the 
correlation, the Data Fit tends to 1 with improving fit and reaches 1.0 when all good solvents 
are included within the sphere and all bad solvents are outside because:

𝐴𝑖 = 𝑒(𝑒𝑟𝑟𝑜𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)

The sensitivity of the sphere to the uncertainties represented by the solvents in which each 
lignin is partially soluble is validated by alternating the results between soluble and soluble to 
ensure their impact is negligible.

The total solubility parameter (𝛿T) of a compound can be determined from the three-
dimensional solubility parameters using equation (1). The solubility parameter difference (Ra) is 
used to compare two substances (within the Hansen space and is defined in equation (2). 
Lastly, another essential parameter known as the RED number is also used to characterise 
solute-solvent interactions and can be calculated using equation (3). The term R0 is frequently 
known as the radius of a Hansen solubility sphere. Suitable solvents for a specific solute will 
have RED ≤ 1.

𝛿2
𝑇 = 𝛿2

𝐷 +  𝛿2
𝑃 +  𝛿2

𝐻 (1)

𝑅𝑎 =  4 (𝛿𝐷2 ‒ 𝛿𝐷1)2 +  (𝛿𝑃2 ‒ 𝛿𝑃1)2 +   (𝛿𝐻2 ‒ 𝛿𝐻1)2(2)

𝑅𝐸𝐷 =  
𝑅𝑎

𝑅0

(3)

I C. M. Hansen, Hansen solubility parameters: a user’s handbook, CRC press, Boca Raton, 2007.
II F. Gharagheizi, Journal of Applied Polymer Science, 2007, 103, 31–36.
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Table ESI-1. List of lignins used to characterise the differences in the Hansen solubility parameters, and their 
molecular weight distributions

Molecular weight Solubility parametersLignin 
sample 
number

Biomass 
fractionation

Feedstock 
source Mn 

(g/mol)
Mw

(g/mol)
Mz 

(g/mol) Mw/Mn 𝛿D 𝛿P 𝛿H RO

1 Kraft Softwood 1497 7319 85310 4.90 20.93 16.98 15.71 15.00
2 Kraft  Softwood 2051 14899 137380 7.30 21.24 16.80 15.39 15.20
3 Kraft Hardwood 1397 6393 88910 4.60 20.95 17.22 15.13 15.20
4 Kraft  Softwood 1294 8992 121200 6.90 19.72 18.42 16.23 13.50
5 Organosolv  Hardwood 1245 4488 74640 3.60 21.83 21.26 11.93 19.90
6 Kraft  Softwood 1409 12161 174290 8.60 24.40 15.31 20.03 19.90
7 Kraft  Softwood 1515 8554 94470 5.60 20.89 16.34 15.39 14.40
8 Kraft  Softwood 1537 7301 95570 4.80 20.45 16.54 15.42 13.90
9 Soda Wheat straw 1096 5210 111520 4.70 20.48 16.39 15.58 13.90

10 Kraft  Softwood 2053 14684 129990 7.20 20.90 16.82 15.44 14.50
11 Dilute mineral acid Wheat straw 1447 11384 151910 7.90 18.65 15.89 12.37 9.50
12 Dilute mineral acid  Softwood 1566 9840 153660 6.30 20.04 18.92 16.14 14.00
13 Kraft  Softwood 1329 5276 40650 4.00 21.24 16.34 15.33 14.90
14 Kraft  Softwood 1824 11341 87930 6.22 12.41 24.24 24.04 19.90
15 Bisulfite  Softwood N.D. N.D. N.D. N.D. 12.17 20.80 30.16 14.60
16 Dilute mineral acid  Softwood 549 2745 41870 5.01 19.82 15.19 17.44 11.20
17 Dilute mineral acid Wheat straw 656 3237 55020 4.94 14.89 22.18 19.80 13.50
18 Dilute mineral acid Wheat straw 830 5236 79640 6.31 20.48 19.58 16.55 14.80
19 Dilute mineral acid Bamboo 1274 9546 106480 7.49 14.94 22.19 19.73 13.50
20 Dilute mineral acid Bamboo 1406 11620 102430 8.27 20.48 19.33 16.56 14.60
21 Kraft  Softwood 1425 10615 92450 7.45 21.19 2.39 33.45 19.90
22 Kraft  Softwood 1316 7983 76170 6.07 26.60 8.33 19.92 19.30
23 Kraft  Softwood 1812 8292 49180 4.58 20.98 16.58 15.58 14.70
24 Kraft  Softwood 2045 11747 73200 5.74 20.18 18.07 15.95 13.90
25 Ionic Liquid Corn Stover 754 1625 3460 2.16 13.30 24.00 17.11 14.50
26 Ionic Liquid Corn Stover 1335 4708 61000 3.53 18.83 11.62 15.37 7.60
27 Kraft  Softwood 2488 16716 95630 6.72 20.49 17.02 15.65 14.30
28 Kraft  Softwood 2127 19337 124960 9.09 14.08 26.34 25.26 19.90
29 Biological  Softwood 1024 5041 70150 4.92 18.95 10.95 9.78 5.80
30 Steam explosion  Hardwood 1469 6103 70110 4.15 20.09 18.16 16.06 13.90
31 Kraft  Softwood 2093 9025 53150 4.31 20.74 16.74 15.69 14.60
32 Kraft  Softwood 1848 7336 48840 3.97 20.75 16.66 15.63 14.50
33 Kraft  Hardwood 1226 4361 59690 3.56 19.21 22.86 11.35 19.90
34 Organosolv  Hardwood 1382 3340 28140 2.42 20.75 20.60 13.57 17.80
35 Mechanical  Hardwood 4185 22993 89190 5.49 14.20 19.71 15.60 9.80
36 Kraft  Softwood 2108 10989 68050 5.21 21.97 19.35 15.78 16.70
37 Kraft  Softwood N.D. N.D. N.D. N.D. 11.98 20.55 30.32 14.50
38 Kraft  Hardwood 1285 3761 46610 2.93 20.52 17.31 15.19 14.70
39 Kraft  Softwood 2006 10174 52540 5.07 20.38 16.84 14.95 14.10
40 Kraft  Softwood 2057 13352 84250 6.49 22.59 16.78 14.60 17.30
41 Kraft  Softwood 2459 14216 82780 5.78 21.26 24.09 14.56 19.40
42 Kraft  Softwood 781 2532 32400 3.24 12.17 20.81 30.48 14.60
43 Kraft  Hardwood 1441 6188 56290 4.29 21.13 16.96 15.53 15.20
44 Biorefinery  Softwood N.D. N.D. N.D. N.D. 14.62 19.55 15.69 9.8
45 Biorefinery  Softwood N.D. N.D. N.D. N.D. 21.25 12.34 17.05 12.40
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Table ESI-2. List of solvents used for lignin Hansen Solubility Parameters estimation, their respective HSPs and the experimental observation (S: Soluble; I: Insoluble; and P: Partially Soluble), the descriptions of the 
lignin sample number remain the same as stated in Table ESI-1.

HSP Lignin sample number
Solvent

𝛿D 𝛿P 𝛿H 1 2 3 4 5 6 7 8 9
1
0

1
1 12

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

2
7

2
8 29

3
0

3
1

3
2

3
3

3
4

3
5

3
6

3
7

3
8

3
9

4
0

4
1

4
2

4
3

4
4 45

Acetic acid 14.5 8.0 13.
5 I I I I I I I I I I I P I I I I I I I I P P I I I I P P I I I P I I I I I I I I I I I P P

Acetic anhydride 16.0 11.7 10.
2 P P P P P P P P P P I P P I I I I P I I I I P P I I P I I P P P S P I P I S P P P I P P P

Acetone 15.5 10.4 7.0 S P S S S S P P S S P P S S I P P P P P P P P P P P S S I P P S S S P P P S S S P P S P P

Acetonitrile 15.3 18.0 6.1 P P P P S P P P P P I I P I I I I I I I P P P P I P P P I P P P S S I P I S P P P I P P P

Aniline 20.1 5.8 11.
2 S S S P S P S S S S P P S I I I I I I I I I S S I P S I I S S S S S P P I S S S S I S P S

Benzaldehyde 19.4 7.4 5.3 P P S P S P P P P P I I P I I I I I I I I I P P I I P I I P P P S S I P I S S P P I S P P

Bromonaphthalene 20.6 3.1 4.1 S S S P S S S P S S I P S I I I I I I I I I S P I P S I I P S S S S P P I S S S P I S P P

butanol 16.0 5.7 15.
8 S S S P S P S S S S I P S I I I I I I I I I S S I P P I - P S S S S I S I S S S P I S P P

Chloroform 17.8 3.1 5.7 I I I I S P I I P I I I P I I S I I I I S S I I I I I I I P I I P P I I I P P I I I P P P

Cyclohexane 16.8 0.0 0.2 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

Dichloromethane 17.0 7.3 7.1 P P S P S P P I P P I I P I I I I I I I I I P I I I I I I P P P S S I P I P P P P I P P P

Diethyl ether 14.5 2.9 4.6 P I I I P I I I I I I I P I I I I I I I I I I I I I I I - I I P P P I I I P P I I I I I I

Diethylene glycol monomethyl 
ether 16.2 7.8 12.

6 S S S S S S S S S S P S S S I P P P P P P P S S P P S P - S S S S S P S I S S S S I S P S

Dimethyl carbonate 15.5 8.6 9.7 P P P P S P P P P P I I P I I I I I I I I I P P I I P I - P P P S P I P I P P P P I P P P

Dimethyl formamide (DMF) 17.4 13.7 11.
3 S S S S S S S S S S S S S S P S S S S S P P S S P S S P P S S S S S P S P S S S S I S P S

Dimethyl sulfoxide (DMSO) 18.4 16.4 10.
2 S S S S S S S S S S S S S S P S S S S S P S S S S S S S P S S S S S P S P S S S S P S S S

Distilled Water 15.5 16.0 42.
3 I I I P I S I I I I I I I S S P P P P P S S I I P P I S P I I I I I I I S I I P I S I I I

Ethanol 15.8 8.8 19.
4 S P S P S P S S S S P P S I I I I P P P I I S P I P P I I P S S S S I P I S S P P I S P P

Ethanolamine 17.0 15.5 21.
0 S S S S S S S S S S S S S S P S S S S S P P S S S S S S - S S S S S P S P S S S S P S S S

Ethyl acetate 15.8 5.3 7.2 P P P P P P P P P P I I P I I I I I I I I I P P I I P I I P P P S P I P I P P P P I P P P

Ethylene glycol 17.0 11.0 26.
0 S S S S S S S S S S P S S S S S S S S S S S S S P P S S - P S S S S P S S S S S S S S P S

Formic acid a 90% 14.6 10.0 14.
0 S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S P S S S S S S S S S S

Glycerol 17.4 11.3 27.
2 S S S P S S I P P S I - S P P P P P P P S P S P P P S S - S S S S S P S I S P P P P S I P

Hexane 14.9 0.0 0.0 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

Isopropanol 15.8 6.1 16.
4 P P P P P I P P P P I P P I I I I I I I I I P P I I P I I I P P P P I P I P P P P I P P P

Methanol 14.7 12.3 22.
3 S S S S S S S S S S P P S S P P P P P P P P S S P P S S I S S S S S P P P S S S S P S P P

Methyl isobutyl ketone 15.3 6.1 4.1 P P P P P P P I P P I I P I I I I I I I I I P P I I P I I P P P S P I P I P P P P I P P P

Pyridine 19.0 8.8 5.9 S S S S S S S S S S S S S I I P P S P S I I S S P P S I - S S S S S P S I S S S S I S S S

THF (tetrahydrofuran) 16.8 5.7 8.0 S S S P S S S S S S P P S I I P I P I I I I S S I P S I - S S S S S I S I S S S S I S P S
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Toluene 18.0 1.4 2.0 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
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