Supplementary Material for

https://doi.org/10.18321/ectj1661

Effect of the Various Delignification Methods on the Individual

Lignin Pyrolysis Products
S.A. Pokryshkin, Yu.A. Sypalova, I.A. Grishanovich, A.Yu. Kozhevnikov*
Core Facility Center “Arktika” Northern (Arctic) Federal University named after M.V. Lomonosov, Northern Dvina Emb., 17, Arkhangelsk, 163002, Russia
Table S1. The composition of the original extractive-free birch sawdust (mass %).
	Holocellulose
	Cellulose
	Hemicelluloses
	Lignin
	Ash

	78.5±0.0
	39.2±0.3
	39.3±0.3
	21.2±0.1
	0.3±0.0


Isolation of lignin preparations

1. Milled wood lignin (MWL)
Extractive-free birch sawdust (15 g) was milled in a planetary ball mill (Retsch, Germany), equipped with a 250 mL tungsten carbide bowl and 45 balls of 1 cm diameter. The total milling time was 8 h (30 min running, 15 min pause in between) at 550 rpm. The wood meal obtained was extracted with 96 % aqueous dioxane solution at room temperature for 24 h with sufficient shaking. The solvent was then rotary evaporated at 40 °C. The extraction procedure was repeated three times. The crude MWL was dried in a vacuum oven at 40 °C.
2. Dioxane lignin (DL)
Extractive-free birch sawdust was suspended in a solvent system containing 90 % aqueous dioxane solution with 1.8 % HCl, and refluxed for 2 h under a nitrogen flow. Then, the dissolved lignin was filtered, neutralized with NaHCO3 and concentrated in a rotary evaporator to 80-100 ml. The concentrated lignin solution was then poured dropwise into water, centrifuged, washed with deionized water, and dried in a vacuum oven at 40 °C. To purify the impurities, the lignin was dissolved in a 5-fold excess of dioxane. Then the solution was poured dropwise into 8-fold volume of diethyl ether. The precipitated lignin was filtered through a nylon membrane and washed with diethyl ether until the washings were colorless. The DL obtained was dried in a vacuum oven at 40 °C.
3. Dimethyl sulfoxide lignin (DMSO-L)
Lignin from organosolv pulping was obtained through the process of wood delignification using an aqueous solution of DMSO with an acid catalyst. A solvent system consisting of an 85 % aqueous DMSO solution and 0.2 % sulfuric acid was used. The treatment time was 2 h at 156 °C with a liquid-to-solid ratio of 10. The waste cooking liquor containing lignin, DMSO, water and catalyst was neutralized with 2.0 N NaOH. The solution was rotary evaporated at 40 °C to 5-10% of initial volume. The concentrate after rotary evaporator was poured into 10-fold volume of water. The precipitate was separated by centrifugation, washed with distilled water, and dried in vacuum oven at 40 °C.

4. Soda-ethanol lignin (SodaEt-L)

The SodaEt-L was obtained during the pulping with an aqueous alcohol solution of sodium hydroxide. The extractive-free birch wood chips were treated with a 40 % ethanol solution containing 5 % NaOH at a liquid-to-solid ratio of 6 (mL/g). The heating time from 25 °С to 100 °С was 20 min and the duration of isothermal stage at 100 °С was 1 h. Then, the temperature was raised to 150 °С with 2 h exposure. The cooling time at the end of the process was 20 min. The pulp mass and liquid lignin stream were separated on a Buchner funnel and washed with deionized water until the filtrate was neutral. The lignin solution was passed through a filtering crucible (pore size 100–160 µm) to separate the residual cellulose fibers. The filtrate was adjusted to pH 3.0 with H2SO4. The precipitated lignin was repeatedly washed with pure water until the washings were neutral, centrifuged, and dried in a vacuum oven at 40 °C to the constant mass.
5. Soda lignin (Soda-L)

Soda-L was obtained by delignifying wood with an aqueous sodium hydroxide solution (100 g/l) at a liquid-to-solid ratio of 10. Temperature profile: 20 min heating to 100 °С with 1 h exposure; subsequent heating to 150 °С for 30 min with a 3 h isothermal stage at 150 °С; cooling to 40 °С for 20 min at the end of the process. The following separation, purification and washing of the obtained Soda-L were carried out in the same way as in the SodaEt-L process.
6. Kraft lignin (Kraft-L)
The process of birch wood delignification with an aqueous solution containing sodium hydroxide and sodium sulfide has been performed. The sulfidity of the cooking liquor was 10 %, the concentration of total, active, and effective alkali was 50, 43 and 38 g NaOH/l, respectively.
The temperature profile, including the pre-cooking stage, was as follows: the duration of heating to 115 °С was 40 min and the duration of isothermal stage at 115 °С was 1 h. Then, the temperature was raised to 153 °С in 16 min and the duration of isothermal stage at 153 °С was 1 h, subsequent heating to 160 °С was 4 min with a retention time at 160 °С for 1.5 h. Cooling down to 40 °С at the end of the process took 20 min.
The pulp mass and liquid lignin streams were separated on a Buchner funnel. The resulting alkaline lignin solution was passed through a glass crucible (pore size 100–160 µm) to separate fine cellulose fibers. The filtrate was 10-times diluted with deionized water, acidified to pH 3 with H2SO4 and centrifuged. To remove elemental sulfur impurities, the precipitated lignin was dissolved in a 2.5 % NaOH and centrifuged. The sulfur-free solution was then acidified again with H2SO4 to pH 3. The precipitated lignin was exhaustively washed with pure water until neutrality was achieved and there was no positive qualitative reaction with 0.1 M BaCl2 for sulfate ions.

7. Hydrolysis lignin (Hyd-L)

Birch wood chips (25 g) were treated with 300 ml of 1 % H2SO4 in a 500 ml digester. The duration of heating to 180 °С was 1.5 h, the duration of isothermal stage at 180 °С was 3 h with constant rotation. The resulted Hyd-L and hydrolysates were separated on a Buchner funnel. The lignin obtained was exhaustively washed with deionized water. 
Table S2. Major monomeric lignin pyrolysis products
	Name
	Lignin type

	
	SodaEt-L
	Soda-L
	DL
	MWL
	Kraft-L
	DMSO-L
	Hyd-L

	
	Peak area
	RSD
	Peak area
	RSD
	Peak area
	RSD
	Peak area
	RSD
	Peak area
	RSD
	Peak area
	RSD
	Peak area
	RSD

	Phenol
	957
	10.2
	1023
	5.3
	536
	13.7
	1390
	3.1
	604
	3.4
	555
	13.7
	793
	9.2

	Phenol, 4-methyl-
	714
	12.0
	503
	6.5
	486
	11.6
	815
	3.1
	652
	5.5
	670
	5.9
	531
	7.9

	Phenol, 4-propyl-
	286
	11.0
	249
	5.4
	391
	6.8
	306
	7.3
	1010
	5.4
	1195
	7.6
	512
	5.8

	Phenol, 3-ethyl-
	201
	11.1
	177
	12.3
	130
	8.3
	350
	3.6
	148
	3.5
	138
	6.6
	49
	13.8

	Phenol, 2-methyl-
	486
	8.5
	379
	5.1
	58
	14.5
	207
	1.7
	151
	5.8
	116
	9.0
	178
	12.6

	Phenol, 2,4-dimethyl- + Phenol, 2,3-dimethyl-
	372
	10.7
	225
	8.3
	54
	6.5
	130
	2.9
	168
	11.1
	130
	5.2
	142
	6.4

	2-Methoxy-4-vinylphenol
	65721
	4.9
	34142
	2.2
	20254
	7.9
	19726
	5.0
	23821
	4.2
	19512
	7.6
	5155
	3.3

	Phenol, 2-methoxy-
	32759
	7.7
	26906
	5.6
	19111
	10.5
	18289
	1.4
	21708
	5.6
	19235
	11.3
	5993
	3.9

	Phenol, 2-methoxy-4-methyl
	16581
	12.9
	11499
	6.4
	16842
	4.9
	11039
	6.2
	21704
	7.9
	22862
	5.3
	5875
	2.2

	4-(2-Hydroxyethyl)-2-methoxyphenol
	25890
	6.9
	15766
	3.2
	23422
	6.1
	11115
	2.8
	17484
	5.3
	19105
	7.9
	6163
	3.2

	Phenol, 2-methoxy-4-propyl-
	33861
	8.5
	24254
	3.4
	25867
	6.7
	9286
	4.9
	8377
	5.8
	5614
	5.5
	2781
	0.9

	2-Propen-1-ol, 3-(4-hydroxy-3-methoxyphenyl)- (Coniferyl alcohol )
	44316
	6.7
	211
	31.1
	44606
	8.0
	56532
	7.5
	18658
	2.9
	13781
	10.9
	145
	13.0

	Phenol, 4-ethyl-2-methoxy- (Ethylguaiacol)
	10827
	13.1
	10510
	13.9
	5024
	7.5
	6880
	8.9
	8091
	7.8
	7169
	6.5
	1350
	1.3

	Benzaldehyde, 4-hydroxy-3-methoxy- (Vanillin)
	21161
	1.6
	10746
	5.4
	13118
	1.8
	25834
	3.3
	6662
	5.6
	8701
	6.5
	2064
	2.4

	Phenol, 2-methoxy-4-propenyl- (cis-Isoeugenol)
	9373
	10.7
	4395
	4.9
	9195
	10.3
	9910
	2.3
	9929
	6.7
	10506
	5.5
	1717
	1.3

	Phenol, 2-methoxy-4-acetyl
	7841
	7.6
	4243
	3.1
	6083
	6.6
	7665
	2.3
	7405
	5.8
	9495
	6.5
	1804
	1.2

	Phenol, 2,6-dimethoxy- (Syringol)
	116755
	5.2
	88028
	6.2
	75872
	9.0
	92106
	0.8
	63254
	5.3
	48199
	12.2
	13915
	4.7

	Phenol, 4-methyl, 2,6-dimethoxy- (4-methylsyringol)
	36345
	12.0
	23662
	6.4
	52425
	6.1
	36400
	6.9
	42546
	7.7
	41593
	4.9
	11396
	2.6

	Phenol, 4-ethenyl, 2,6-dimethoxy (4-vinylsyringol)
	93080
	5.3
	52682
	2.9
	53080
	5.2
	49768
	6.0
	34315
	6.0
	23447
	7.2
	7459
	2.7

	1-(4-Hydroxy-3,5-dimethoxyphenyl)-2-propanone (Syringyl acetone)
	50975
	4.9
	26779
	3.7
	70846
	7.0
	27472
	3.9
	34806
	5.6
	39190
	7.6
	10260
	2.1

	Phenol, 2,6-dimethoxy-4-(2-propenyl)- (4-propenylsyringol- trans)
	22767
	10.2
	9275
	4.8
	42457
	9.5
	38164
	3.4
	22455
	7.4
	21217
	6.0
	3346
	1.8

	Benzaldehyde, 4-hydroxy-3,5-dimethoxy- (Syringaldehyde)
	41997
	2.5
	23136
	2.7
	36627
	2.1
	86395
	3.2
	11494
	7.8
	12530
	7.6
	5138
	2.4

	1-(4-Hydroxy-3,5-dimethoxyphenyl)-ethanal (Homosyringaldehyde)
	76481
	7.4
	44024
	4.7
	49224
	8.8
	23435
	6.8
	5032
	6.2
	3101
	13.4
	2213
	4.4

	Acetophenone, 4-hydroxy-3,5-dimethoxy- (Acetosyringone)
	18302
	7.0
	8230
	2.5
	22147
	3.2
	21397
	4.1
	14573
	6.7
	16381
	5.2
	3585
	2.6

	1-Propanone, 1-(4-hydroxy-3,5-dimethoxyphenyl) (Propiosyrongone)
	12185
	9.9
	5634
	4.3
	30571
	5.8
	15792
	5.0
	9674
	8.1
	9997
	5.5
	3881
	2.4

	4-ethyl-2,6-dimethoxy-phenol (4-ethyl-syringol)
	11009
	14.4
	11509
	13.6
	9278
	7.5
	14924
	9.4
	8742
	8.9
	6727
	8.6
	1214
	0.3

	Sinapic aldehyde
	5932
	15.6
	1890
	1.6
	34766
	7.4
	35867
	3.8
	6044
	4.8
	6794
	7.9
	324
	2.5

	Sinapyl alcohol
	40985
	6.8
	6995
	9.4
	72047
	12.8
	56777
	9.9
	11183
	1.5
	6509
	11.6
	39
	19.4

	Catechol
	842
	8.3
	1459
	14.4
	262
	6.4
	486
	2.7
	527
	8.9
	249
	9.2
	256
	23.3

	Pyrogallol 1-methyl ether
	21215
	2.5
	20583
	5.1
	11930
	5.1
	13458
	3.2
	16550
	4.6
	11983
	7.9
	5792
	8.0

	Pyrocatechol, 3-methyl-
	287
	6.7
	1012
	10.0
	67
	8.3
	142
	3.4
	229
	7.1
	108
	10.4
	246
	17.0

	Total peak area, ·103
	820.5
	-
	470.1
	-
	746.8
	-
	692.1
	-
	427.9
	-
	386.8
	-
	104.3
	-


Table S3. The percentage of contribution of individual pyrolysis products to the S-, G- and H-type structures. Compounds are highlighted in different colors depending on their relative content in each structural unit. Orange corresponds to the highest value, and blue corresponds to the lowest value. The intermediate values are represented by green and light blue.
	Pyrolysis product
	Lignin type

	
	MWL
	DL
	SodaEt-L
	Soda-L
	Kraft-L
	DMSO-L
	Hyd-L

	H units
	
	
	
	
	
	
	

	HPh
	0.21
	0.07
	0.12
	0.23
	0.15
	0.15
	0.81

	HPh-C
	0.15
	0.07
	0.15
	0.20
	0.20
	0.21
	0.72

	HPh-2(-C)
	0.02
	0.01
	0.05
	0.05
	0.04
	0.03
	0.14

	HPh-C-C
	0.05
	0.02
	0.03
	0.04
	0.04
	0.04
	0.05

	HPh-C-C-C
	0.05
	0.05
	0.04
	0.06
	0.25
	0.32
	0.52

	G units
	
	
	
	
	
	
	

	Gua
	2.70
	2.60
	4.10
	6.02
	5.29
	5.14
	6.11

	Gua-C
	1.63
	2.29
	2.08
	2.57
	5.28
	6.11
	5.99

	Gua-C=O
	3.81
	1.79
	2.65
	2.40
	1.62
	2.32
	2.11

	Gua-C-C
	1.01
	0.68
	1.36
	2.35
	1.97
	1.91
	1.38

	Gua-C=C
	2.91
	2.76
	8.23
	7.64
	5.80
	5.21
	5.26

	Gua-(C=O)-C
	1.13
	0.83
	0.98
	0.95
	1.80
	2.54
	1.84

	Gua-C-C-C
	1.37
	3.52
	4.24
	5.43
	2.04
	1.50
	2.84

	Gua-C-C=C
	1.46
	1.25
	1.17
	0.98
	2.42
	2.81
	1.75

	Gua-C-(C=O)-C
	1.64
	3.19
	3.24
	3.53
	4.26
	5.10
	6.29

	Gua-C-C-C-OH
	8.34
	6.07
	5.55
	0.05
	4.54
	3.68
	0.15

	S units
	
	
	
	
	
	
	

	Syr
	13.59
	10.33
	14.63
	19.69
	15.40
	12.87
	14.20

	Syr-C
	5.37
	7.14
	4.55
	5.29
	10.36
	11.11
	11.63

	Syr-C-C
	2.20
	1.26
	1.38
	2.57
	2.13
	1.80
	1.24

	Syr-C=C
	7.34
	7.23
	11.66
	11.78
	8.36
	6.26
	7.61

	Syr-C-C=C
	5.63
	5.78
	2.85
	2.07
	5.47
	5.67
	3.41

	Syr-C=O
	12.74
	4.99
	5.26
	5.17
	2.80
	3.35
	5.24

	Syr-C-C=O
	3.46
	6.70
	9.58
	9.85
	1.23
	0.83
	2.26

	Syr-(C=O)-C
	3.16
	3.02
	2.29
	1.84
	3.55
	4.37
	3.66

	Syr-C-(C=O)-C-
	4.05
	9.65
	6.39
	5.99
	8.48
	10.47
	10.47

	Syr-(C=O)-C-C
	2.33
	4.16
	1.53
	1.26
	2.36
	2.67
	3.96

	Syr-C=C-C=O
	5.29
	4.73
	0.74
	0.42
	1.47
	1.81
	0.33

	Syr-C=C-C-OH
	8.37
	9.81
	5.13
	1.56
	2.72
	1.74
	0.04


Table S4. Construction of reaction lines of van Krevelen diagrams
	
	C
	H
	O
	H/C
	O/C

	Binding/elimination of water (±H2O)

	C12H14O4
	12
	14
	4
	1.167
	0.333

	C12H12O3
	12
	12
	3
	1.000
	0.250

	Changing the number of methoxyl groups (binding/elimination of CH2O) 

	C7H8O2
	7
	8
	2
	1.143
	0.286

	C8H10O3
	8
	10
	3
	1.250
	0.375

	Changing the alkyl chain length (binding/elimination of CH2)

	C10H14O3
	10
	14
	3
	1.400
	0.300

	C9H12O3
	9
	12
	3
	1.333
	0.333


Table S5. The contribution of individual products to the PCA estimates

	Pyrolysis product
	PC1 40,99%
	PC2 30,70%
	PC3 12,79%
	PC4 11,48%

	HPh
	0.20
	0.06
	-0.03
	0.42

	HPh-C
	0.23
	0.06
	-0.04
	0.35

	HPh-2(-C)
	0.20
	0.13
	-0.08
	0.33

	HPh-C-C
	0.13
	0.03
	0.40
	0.29

	HPh-C-C-C
	0.29
	-0.03
	0.00
	0.12

	Gua
	0.22
	0.23
	0.07
	-0.04

	Gua-C
	0.29
	-0.03
	0.04
	-0.10

	Gua-C=O
	-0.15
	-0.03
	0.32
	0.28

	Gua-C-C
	0.11
	0.23
	0.23
	-0.26

	Gua-C=C
	0.03
	0.31
	0.00
	-0.14

	Gua-(C=O)-C
	0.25
	-0.09
	0.18
	-0.14

	Gua-C-C-C
	-0.09
	0.28
	-0.26
	-0.01

	Gua-C-C=C
	0.21
	-0.15
	0.19
	-0.25

	Gua-C-(C=O)-C
	0.29
	0.05
	-0.13
	0.00

	Gua-C-C-C-OH
	-0.19
	-0.23
	0.08
	-0.05

	Syr
	0.00
	0.31
	0.21
	-0.02

	Syr-C
	0.28
	-0.11
	0.00
	-0.06

	Syr-C-C
	-0.07
	0.12
	0.41
	-0.14

	Syr-C=C
	-0.12
	0.31
	-0.05
	-0.03

	Syr-C-C=C
	0.01
	-0.33
	0.08
	-0.15

	Syr-C=O
	-0.17
	-0.09
	0.24
	0.37

	Syr-C-C=O
	-0.20
	0.21
	-0.21
	0.02

	Syr-(C=O)-C
	0.20
	-0.24
	0.10
	-0.06

	Syr-C-(C=O)-C-
	0.23
	-0.09
	-0.28
	-0.13

	Syr-(C=O)-C-C
	0.12
	-0.22
	-0.28
	0.17

	Syr-C=C-C=O
	-0.17
	-0.27
	0.04
	0.06

	Syr-C=C-C-OH
	-0.24
	-0.20
	-0.11
	0.03
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Fig. S1. RDBE vs Cn diagrams: low-modified (a); moderately modified (b); highly modified (c).
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Fig. S2. van Krevelen diagrams for lignins pyrolysis products.
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Fig. S3. Residual variance plot.
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