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Abstract: Lignin is an important component of wood cell wall, and its moisture absorption characteristics,
thermal characteristics, and mechanical characteristics influence each other at the micro-macro scale of
wood, and play a decisive role in its high-value application. In this paper, the research progress of wood
lignin was reviewed from five aspects: molecular structure, separation methods, moisture absorption
characteristics, thermal characteristics and mechanical characteristics. Wood lignin is a highly
heterogeneous and irregular three-dimensional network polymer structure. Compared with in-sizu lignin,
the lignin separated by different separation methods has different degrees of depolymerization condensation,
which leads to differences in molecular structure, hygroscopicity, thermal properties and mechanical

properties. Wood lignin has an approximate S-shaped isothermal adsorption curve and there is a hysteresis
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phenomenon of moisture absorption. The equilibrium moisture content is below 20% (mass fraction) , and
the BET and GAB theories can be used to qualitatively describe and quantitatively analyze the adsorption
capacity of monolayer water molecules. Wood lignin has high polymer plasticity at low temperatures with a
glass transition temperature of 90-160 “C, and has a thermosetting property and thermal decomposition at
high temperature, with «-O-4, 3-O-4, carbon-carbon linkages of aliphatic hydrocarbons, 5-5 and 4-O-5
linkages breaking successively, and the activation energy of pseudo in-situ lignin is 82-150 kJ/mol. The
mechanical properties of lignin are isotropic, and the elastic modulus is decreased with the increase of
moisture content, with the elastic modulus of 2. 8-9. 0 GPa and the shear modulus of 1.1-2.3 GPa, but
the research scope is limited to the elastic stage. The green and efficient separation method of in-situ
lignin, the molecular structure sequence of lignin and the elastic-plastic mechanical properties of lignin need
to be further studied.
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Fig. 1 Basic structural units of lignin''*

(a)p-hydroxyphenyl propane; (b) guaiacyl propane; (¢)syringyl propane
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Table 1 Wood lignin bonding bonds"'"*"

Species Linkage

Characteristic

Ether linkage Alkyl-aryl ether linkages

a-O-4
v-0-4
Diaryl ether linkage 4-0-5(5%)
Dialkyl ether linkage a-O-y
Carbon-carbon linkage B-5
(15%-25%)
B-B

-1 dienone spiral

5-5

B-0-4(50%-60%)

Linkage is divided into erythro and soviet configurations, and is

unstable and easy to fracture

Linkages are unstable and easy to break

Linkages are relatively stable

Linkage generally exits in G-type wood units with stable chemical
linkage and condensation structure

Linkage is stable and generally exits in S-shaped units

Linkage is stable, rare and complex

Linkage is stable and less abundant and is easy to form a branched

chain structure
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Table 2 Characteristics of functional groups of lignin™*"*

]

Location Functional group Characteristic

Benzene ring Methoxy group

This group is stable but can be oxidized by strong oxidant, and its number and location have a

significant influence on its characteristics

Phenolic hydroxyl group
Aliphatic Methoxy group
hydrocarbon Alcoholic hydroxyl group
Carbon-carbon double bond
Carbanyl group

Carboxyl

This group affects the degree of lignin etherification and condensation

This group is easy to split and connect with other alkyl and aryl groups to form ether
This group is hydrophilic and is easy to oxidize

It is easy to occur oxidation color reaction

Conjugated carbonyl can stabilize lignin

This group often exists in oxidized lignin
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Fig.2 Schematic diagram of wood lignin distribution in

wood cell wall'?"!
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Table 3 Wood lignin classification

[30-45]

Separation method ~ Category Name

Molecular characteristic

Insoluble lignin Acid lignin Klason lignin

Hydrochloric acid lignin
Periodate lignin Purves lignin

Soluble lignin Tonic liquids lignin ILL lignin

Deep eutectic solvents DES lignin
lignin
Inorganic reagent lignin  Lignosulfonate

Alkali lignin and

lignin sulfonate

Organic solvent lignin Formic acid lignin
Ethanol lignin
Dioxane lignin
Neutral solvent lignin Brauns lignin
Milled wood lignin

Cellulolytic enzyme lignin

Chemical properties of lignin changed greatly and the lignin was highly
condensed during separation. This method is generally used for the
determination of lignin content in plants

Large condensation occurs and the relative molecular mass is large

It has abundant linkage types, and hydroxyl and methoxyl groups are
oxidized to form carboxyl group

B-O-4 linkage is partially broken with abundant phenolic hydroxyl groups.
The relative molecular weight is lower than that of DES lignin

It includes abundant linkage types with 3-O-4 and C—C linkages partially
broken and condensation reaction

a, B ether linkages are partially broken with sulfonate ions and a small
amount of catechol retain and a relative molecular weight of 20000-50000
«, B-alkyl ether linkages and a-aryl ether linkages break with a relative
molecular weight of 3000-5000. Condensation reaction occurs during
isolation and the catechol structure is generated

B-0O-4 linkage partially breaks, and the ether linkage is decomposed by
oxidation with a molecular weight of 832-5879

a, B-aryl ether linkages are broken

a, B-aryl ether linkages and «-alkyl ether linkages are broken

Abundant linkages are retained, but lignin only represents low molecular
weight in-situ lignin

Linkages are completed and abundant with 3-O-4 linkage partially broken
Linkage types are completed and abundant with B-O-4 linkage partially

broken

P S RUBC LY, OF 25 & WA O 1 BRBS D 45 il B
LSBT 2 RV g RN IR i — 2Bt
PUR AL TN AR A L 8 BERE A LCC 4 1Y DES %
LR LT B s =
2.2.2 THLRAF B R

il 3 1 A0 Tl B AE 3y B 2 1 A G Wi 2F 4E 3R TR i
A 5000 J7 A i 2 R A AR DA 4R A T 4R B
K2 A, AR 2% 5 £, Ry $ B 40 A J5 2 3
TOMERE o ET AR R s AR T 1 AT R T R 4k e
VNI S NI 0 N NI L 1 6 2 N TR R N
ESUN TR P NI R N

Bl A B 25— M %F NaOH i 3¢ & 4% 19 28 W 5 17
MR UL E A B B R BT Z , A] i — 28 F A LV )l ik
Tk A ) P Al AR B3 I Tk G A O o R R A KR
a0 N2 R A NI X (A S S R A AR
Ty 8 56 PN R B O B R R IR b B 2 Y L AR
8 C=0 L7, T 8O T R HIE DN AET
Ko KB Eh 2% NaOH H1 Na,S il 3¢ i 4% iy 2
AR S KT 0K NG Y DT Y (VR % NI 1S N 1

b=

R B R AR T TR F OB AR R K A R, el

b A 5T 22 28 2o i b 1B PR AR ot S e L 2 — F
LNk o T A . B A R B Y K R R T IR
o INCTN VR L N il NS S | S 3 S e i S
KT R R £ B A SR K 3 AL, BT LU T oK, 2T I
L2l NI = S I B | | N5 07 N e B SR 7
PEAR T FR A 0T R R AR BT R AT A Bt
A5 F A R R AR S AR % K 2 A S5
ESEOUNT P NI SZP0NI R TR AN B i T
A A
2.2.3 ML B AR

WLV F) A R 2558 B 2 SR AT ML IR I (g i
B O T EEAE ) o L At KV VAR VR I RS R o A
PR B 25 1T 40 B 0 1 R — R S B g Tl
ARFE G o Fiy— EEERAEE M
P ST R N a7 =P S ] 2 D N = 2
R A TR 2 —Fopr AL K ik 28I R , BA
TSR AR R B T . ZEARNH AR
oK FH RN BR K - R R K A B K R EE Y vk
PR A% 7 v T A B gl BEOK R H R R 1R K iR
BEA 5 2 -5 Rk A o~ Jor S Tk A DL KR L 25 4



Eo2k oW

AT ER o3 i S 32 B A g A VR RE RO DI SR L e

127

I B- 95 ok R & A T AR N BR R R ER R G
HoAth 4y 85 77 =0, R R B A b2 10, — M H
VEA G 2 25 0 (1 52 96 mF e
2.2.4 BRI SEARR

KARA R A Brauns A i 2, X Fh 5 75 2 1939
AE 1 Brauns ZEPUV R Y SR R PR AN BRI R B B,
Brauns KA AR EZMFIEHM, AALEKRKEEN
8%~10% , H & H 2% ~3% Z MR EREL . X
T4 B 1 AR o R B AR R A O L AR R ERCT R A
AR Z AR AT T35, — A AS BB AE A 38 {4 JRE 67 AR it
R . B R TR (MWL) X BB I T
H P AR N BV A B Al kB 2 T T A3 0. 05 %,
R4 B O AR B A TR R R R 3-0-4
GERE KR — TR A R i, OB S AR B o B S 75
SINTF 50 %610 A B 5E R B MW L 78 2 % i %
Fh @R B2 496 450, 2B MWL B 2 3ok
- 4 i e J22 L R UK 5T 2 R R R B R Y 4
GE A AE 22 S0k AR B Ak 24 DL R 45 F T 4 43 A

x4

W2 45 SR ] UMK B0 R JoT 28040 i M RE . B R T R
(CEL) %3 85 21 A0, A FH 25 ) Tl 06 1 B A AC T 3%
I K Ak A 0 [ 1) A 2 B, A9 80 4 A g L 7 SR A v
PN S S ER N VA NI Gl S A1 G5 T ST =
CEL 5 MWL Z5# 8L, {5 CEL AY 15 5 2 &, % i 1
VB AR B R A T 2R AR W R A, B
EHSABRSG A UL R ZMIESH
AL T LAAH B3R AR B — 5 Y5 R A Tl A s AR K Joi
2 (DEL) Ji: &5 A i fift FVER B8 W9 Fh Oy 35 L 159 21 4 B 5
ZER SERE AR E AR R AT T AR R AL R
Jo 2 R AT 25 F RV B 19 F 5L (R R B 3 i T DEL 43
BRET I Ak
AMAFRRENF G BEEMET ARES A
ENGEEA RS =R S TS R ]
& E B (W 4) o BRI T 2 B VE AL BRSO
6], 35 F JEOREAS [, 43 85 K 0 345 R A0 AR 22 57 1
K Xt AN Tl JEURE B TR 2 4 43 O i DAk B i AL
BRI LF 22 ) P R R R R LB

AMARRESBEFENRRS

Table 4 Advantages and disadvantages of wood lignin separation methods

Category

Name

Advantage

Disadvantage

Industrial lignin

Pseudo in-situ

lignin

ILL lignin

DES lignin

Alkali lignin and

Lignin sulfate

Lignosulfonate

Formic acid lignin

Brauns lignin

Milled wood lignin

Cellulolytic enzyme

lignin

Similar to MWL, ILL lignin has better thermal
stability than alkali lignin with short production period
and industrial production potential

Solvent is cheap, non-toxic and biodegradable, and
DES lignin has high yield, short production period, and
industrial production potential

Lignin is pulp and paper industry byproduct with

mature technology and large yield

Lignin is large yield, high molecular weight, and
soluble in water but insoluble in organic solvents
Purity is higher than that of lignin, which is a by-
product of papermaking, and formic acid solution can
be recycled

Molecular structure is similar to that of in-sizu lignin
With high purity of > 90%, the lignin has small
molecular structure change

Lignin has high yield of about 100% , high purity of >
90% , and abundant and complete linkage type

Solvent is toxic and expensive, ILL lignin has lower

molecular weight and more phenolic hydroxyl groups

Molecular weight distribution is wide with low

molecular weight

With a purity of 40%-45%, selement, lignin isn’ t
conducive to later chemical modification for low
chemical activity

Lignin has purity of 50% to 55% with sulfonic acid
group

Structure has undergone a great change

Low molecular weight and low yield

Yield is low, and the separation process was
complicated and the reaction conditions are harsh
With long reaction cycle, the lignin is not suitable for

mass production
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Table 5 Glass transition temperature of wood lignin

Species Moisture Glass transition Reference
content/%  temperature/C
Periodate lignin(birch) 12.2 128 (1]
0 179
dioxane lignin(Chinese fir) 7.2 92
0 146
Double enzymatic lignin 0 132.5 [56]
(brich)
Double enzymatic lignin 0 137.2
(Chinese fir)
Milled wood lignin 141-159 [59]
Klason lignin 100-130 [60]
Kraft lignin 114-124 [60]
Alkali lignin 158 [61]
Organic solvent lignin 144 [62]
lignin sulfonate 135 [63]

T AL AL JTOCHE IR S % 2 8. Wang FBEGE T
DEL il 45 R R W] TR B AL 5 IR EE LT,
DEL L #4758 bifi i 22 09 7 i 2 MRS KL IR HAZ R
DEL Fe #4¢ %5 (1301 J/(kg-K) , % I 25 “C) /N F HE A
DEL H#%5(1468 J/(kg-K) , Z iff 25 ‘C) . Voitkevich
SRR T R K B R Y H AR AR T 25 “Cl Ry 1542 7/
(kg K), Qi St K AR =T MEAR LT 2 K A
25 (1209 J/(kg-K) ) /N F HEAR A 4F 4 2 19 AR
(1305 J/(kg+K) ), 4 AR A T RS R THER
AR AAERILRE . KRN SR &
WF 5% 55 /0, Wang 269K A2 K Fi e K DEL 78 20 “CHf
1) 5B R B4 R 0.29 W/(m-K) 1 0.30 W/(m-
K), R R BRI A LM IEMH R HER
R BOBE IR B 1 AR A A K B2 R R HE R DEL AE 20~
120 “Cy Bl N 19 3 S R E05r 51 0. 30 W/ (m-K)
F10.32 W/(m-K) . Qi %l T #EAK 27 4 % 2
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Table 6  Pyrolysis kinetic parameters of wood lignin
) ) Active energy, Pre-exponential
Species Percent conversion Temperature/C Reference
E,/(kJ-mol) factor,In(A/min" 1)
Klason lignin (maple) 148-268 20.61 7.58 [30]
295-494 38.92 10. 90
Klason lignin (Chinese fir) 150-308 19.95 6.90
312-518 47.00 11.88
Double enzymatic lignin (brich) 0.02-0. 60 90-148 17-33 [56]
112.7 22.9
Double enzymatic lignin (Chinese fir) 0. 02-0. 60 134-150 26-34
Klason lignin (beech) 151.1 26.80 [72]
Klason lignin (willow) 156.5 27.82
Organic solvent lignin (hard wood) 144.2 25.68
Alkali lignin 0.1-0.5 300-350 120-143 [73]
128
Milled wood lignin (maple) 500-1000 82 20.91 [74]
Milled wood lignin 148.7 28.5 [75]
21 IR IR 13 5 R 5T 2R X e e I B i e 2
2 i 4 R R SR 5T ) S O T D 1k
R SO T X — R, L AT LR Ry AR o 2R I L
/ Strain Wit Fless S XEBA B 3 711 520808 , %
.~ — — = 7 |— Lignin specimen , - . et e A L 1 "
/ under tension 2 fib T AR ) B IR AR S = AR K Ty S e ER L R
! o .
- - Lignin specimen I - ) W B 4k
: Ligin specimen. U BB 22 B0 LA 6 9 B, 2 0
A S 25 56 4SS i Y L7 2. 4~9. 0 GPa, it 2 R

P4 A A TR FE AR 1B R 0 R -0 A8 7 1

Fig.4 Schematic diagram of stress-strain of wood lignin

under tension and pressure! ™!

PR ZPUN A SN GRS S DR S N
NS SIS NS (R N e S N 2 R R T D i
P A . Takeichi %77 R FH A I 2 5 ¥k, AR )
F 28 5 e LR AR Ak Ak B 2 R 2 8 A3, FE 1006 &Kk
T I AR BT ZR A S 3 AR T 0 5 PR A I
2.8 GPa, HAM L J5 KRR ZE U) 5 vl Re & A ¥ P 4k &
FIp 27 4 28 7% o, I 5030 A BB 9 4 B Bt s A6 A BT 3R
EOIPRC =S N A -~ NI il A s 3 = W S VAR L R
PR SLER R R VA A R R A, B Ak
% 232 3K e I v 5 R By ROIR 3 1 K JBE 2 T A A
BRI S 57 0 OB AT DL R AROIR R BT R
AT )RR o 3R 7 R A I R 2 1R IR
R IUR A TR RS HAR T E  Klason A #E K
- S R A Y LA 2. 3~6.7 GPaJL I N L 7E 3. 6%
TR AT Y B R BT R SRR R iR R, 6. 7 GPa,
=R B R R R R BT R R AR AL R R, ]
N M 22 RBE S7 2V RE LR S (1L gl & %7 2k

ARAA S g = TR RS2 36 0 36 S, e A 0 A 2 v
AR SR ] R AT R T R S R i 4. 18~
5.9 GPa, W3 7 Fr s, U0 ARE B AfE I A St 3R 5 ) o
P RE AR G T 057 0 3R o 0 3K Y B A (R R b 22
IS B AR R ) B A R R AT 2 T
FR 0 BT B R G a2 25 I 4 R B R ) 24 R RE B S
TP AT

ARTUR F KB ARBR S ae A 2% 2,
P SRR T e R AR B3R AR R A SRR R

= N W b OO N
T T T T T T

Elasticity modulus/GPa

o

0 2 4 6 8 10 12 14 16 18
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5 A [l K SRR AR 5T 2 A T

Fig.5 Elastic modulus of lignin under different moisture contents!®"
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I B2 M I D B Y B R 5 DA R s SR A AR A B AR
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Table 7 Mechanical parameters of wood lignin

Species Test method Moisture Elasticity Shear modulus/  Poisson’s Reference
content/ % modulus/GPa  GPa ratio
Nano alkali lignin Atomic force microscope 0.024 9 [52]
9.1 4.3
17.3 2.4
Chinese fir In-situ stretching method 10 2.8 [77]
Dioxane lignin Continuous ball indentation method 3 3.3 [78]
Periodate lignin 3.6 6.6
12 3 [79]
17.3 2.
Periodate lignin Stretching method 3.6 6.7 2.1 [80]
12 3.1 1.2
Klason lignin 3 4 1.5
12 2.3 1.1
Bamboo Model prediction 5.9 [81]
Spruce 5 2.3 [82]
Soft wood 4.18 1.61 [83]
Balsa 5.68 2.06 0.38 [84]
Crop stem 5.25 0.33 [85]
5 ZRIE WL ARBURTE )20y WEA & 16 A, HETA R

ZEERR,RREM G, H, S = Fl 28 54 b B0
OO ESE R PR SL S B RE A, O G Ao kR B i
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S5 B AT T M LA SKT AR R B3 R TR Y
Gy FRIRL AH EG R AR BT, 4 B ORI R A —
R AT B E R A R OR TR R A R A R Y 2
JEAE AR ER o AT B AT R R R A
W P i S IS S TR - i e il 2 (IR ME AN
FE A B 100%6 B BT, A B 3 e i 197 £l 7 K
O LR BN 2 20% AR TR ML 44K . REn
K HLA B AL AR IR R KRB0 B AE 90~160 C
N, HLBE A O K 3 R B A i AR R B R AR . R
2 T 2 200 °CLa-O-4 B-O-4, J§ i IR B i g 5-
5.4-O-5 85 5 W ¢, T S IELAR GROAE T H, #
fifk 2 7 2 B R AT LTI AR B e AR (RS LA

TR AN RUR i 2 B B 2. 3~9 GPa, BY DI &
1. 1~2. 3 GPa, B & 7K S5 K jd > .

X F AR R Ay B W BRI ) Ak R O 1 4 ) nl T
JE DL BRAMESE : (1) 3R Tl AR 5T 28 A 47 R it 2%
[ SN (5% N = S R e D NI 1 = = R A A
WFSE S A A B 454 1 B AL 2 v BE B 5 1 75 3R
(2) i — LWL AR TR 57 F 458 7 5, N5+ F B
X A 5t 25 1 BE B AR 5 (3) W 5% T B2 A K R HR A 1
AT R RAER JEZ IR T st 24 g,
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