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Abstract: Lignin, a renewable aromatic biopolymer abundantly found in nature, has
attracted increasing attention as a sustainable flame retardant additive owing to its high
carbon content, intrinsic thermal stability, and strong charring ability. This review provides
a comprehensive overview of the structural and thermal characteristics of lignin and high-
lights key chemical modification strategies—including phosphorus-, nitrogen-, and silicon-
based functionalization as well as synergistic multi-element modification—to enhance its
flame retardant performance. Representative flame retardant evaluation techniques, such
as thermogravimetric analysis (TGA), limiting oxygen index (LOI), UL-94 vertical burning
tests, and cone calorimetry, are introduced with emphasis on their relevance to con-
densed-phase and gas-phase flame retardant mechanisms. The incorporation of lignin-
based flame retardant additives into thermoplastic and thermosetting polymer compos-
ites is discussed in terms of flammability suppression, mechanical performance retention,
and interfacial compatibility. Key challenges, including dispersion stability, processability at
high additive loadings, and compatibility with polymer matrices, are critically addressed.
Finally, recent advances in lignin-derived flame retardant systems are analyzed, and future
perspectives toward the development of commercially viable, eco-friendly flame retardant
additives are proposed. This review aims to support material innovation in flame-retardant
polymer composites through the strategic valorization of lignin as a multifunctional and
sustainable bio-based additive.
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Figure 1. Representative chemical structure of lignin showing typical interunit linkages and monolignol-derived units. (@) Schematic
representation of lignin macromolecular structure highlighting major interunit linkages such as 3-0-4, a-0-4, 3-5, and biphenyl(C-C) linkages.
(b) Chemical structures of the three primary monolignol-derived units (guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H)) and representative
lignin interunit linkages. Reprinted with permission from Ref. [14]. Copyright 2011 American Chemical Society.
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Figure 2. Schematic illustration of lignin pyrolysis and thermal decomposition behavior. Reprinted with permission from Ref. [35]. Copyright 2026
American Chemical Society.
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[39]. Copyright 2023 American Chemical Society.
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and (b) UL-94 vertical burning test showing dripping behavior and cotton ignition.
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Figure 6. Representative synthesis route of a P/N/Si-modified lignin flame retardant based on DOPO and a silane coupling agent (KH-550).
Reprinted with permission from Ref. [39]. Copyright 2023 American Chemical Society.
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Figure 7. Schematic illustration of lignin nanoparticle (LNP) production from cellulolytic enzyme lignin derived from different steam-pretreated
lignocellulosic biomasses. Reprinted with permission from Ref. [77]. Copyright 2017 American Chemical Society.

o, WAL A 5 INP A% Tl w8a)
tolel= LNPE B4

B
X
b
N
off
>,
il
jinss
i)
ol

[e]
A =T 4 QS Eadth Ha e 2
TAHo 7 OL% Q]5l LNPZ ABSo| 8.0 wt% &3t
ABSo]| B]3l] PHRR®] 67.8%, THR
o] 775% a5t AF g@kefo] A ol FHojd &
4 7%5S Rol2uUAE ABSSH fAIEE 84S 71 Aol
EJ_E]%:H& )

o|ZA| LNP 7|4l el A" 7]E0] F{oFgh A
A, s J7F Al =4 Ash 329 1A B3 59
s s dstiA e, & 7R w2 ¢ 2
L /\ 01‘— z{a}:oi x}a;@ﬁ 011;} ] 3]3_11/]_9,] q_}_
A WA (PN =)} At 7o A9 A& P%@XH
of Azt el H7HAIR 9 *Hli} 7Hede A =0l
S B]—S]:O]D:] ElA ZEJ gl }\H_T_OH Ef] ]-1—7]»-—-‘61—
27 AA SHAAE g ETF‘OMB

mlo

rSL'

4. 2|3kl 7|9k e
HE ARl

ARTIRIS| TR} EEAY

2,
pgas
)
=
i)

'S,
1% o
mlo
=\.‘=
>,

o]
)
Jl

Y
e
ofo
i
_vﬁ
Pr
xF
55
e
B o
r > o
0\@
i
offt
e
A
Y
%
L2
e

7417} W}DPE iZH¥L°E
Al Ashzo] WA 419 = % S W) o]y &
Zpoltt. o SHHOA, E7FAA] aLEALe] 2l1d HAA
G Aloll= b et oflet -7 1AR B fAE
FAlo 3t AA7F e

PLA, PVA, PP = A0l d7}aA 1EAA gy

714F GAA = E—F_#XH e AsS Alofsts WFoR
olzith Niu 5-& DPPCo| KHSSO— AZYA 2 ALL-5}
o] 7§&gk 2] 13} HCCP-HEP A|AHLS Ul 7=
283t A3}, PLA ujE8 A0 HCCP-HEP 1 wt%$} 271
5 wt%s 8§ S33F 29 Lo} 71 19.5%01 4] 32.8%
2 A 5713 75 Bkt sfE H5akaAl= UL-
94 522 A4 A|FoA V-0 552 5315 o, 4 1H4
ZF &5 Yot @42 A5 AAER g2 AR By
ATHS1]. o]t it Gk EA A dd e
A3 (LOL, UL-94 53)<} AA| 4 A%, 53] 7144



10 I AsS - BARS - Y9S- A - ATE - Al - g - Ry Textile Science and Engineering, 2026, 63, 1-17

QPgY Aolo] Aol & HolFu|, §§ AT Aole] FRA  Wo| melaminest ATMPE w¢l3to] Ak 2 <l H§7]E

& stk 5Pl PLAS) A8 AR F, Ridard 58] Rof3 7, AghA| AZYA APTESS o) g5 ¥ A
AoIAE 29 74 heAelolS PLA thERIA0] & o= PP ujEActe] EabE P €y 7|
Q1% Aol 4 W71 Z7o] ket PHRR] oF 17-49% 7 ¥F WkelAl7L Basilek. s Asdeld TAE 91y
A8 THR £ felslsb) AU Ao wnasl A0S ol 25w B4 B 2 1d U
on), BAo] 27 SBFo] OF 2ol 8% FEOE F7H 575 wit), UL-94 5 Ak AFNA V-0 BFL HE5
shgich. olefat Zukt 27] Qusjo] o) Tk Fol & glom, LOT g w5 Pm 17.9%4] 283%2 =) %

fels, ol T8 8 At 298 AR LRI BE S S el At FAVEL A2 52 o1
o] AIHOZ o AEYSS AR S ATl BF  Uzo] 71ele AR eItk ek, vk AZUAS 9
Wd 3§, FGC(fire growth capacity) 2! HRC(heat release 23 3 7f2e gad 7uk GAA el PP 7] AH Ak
capacity) Y& 5O et Wl I Bk 94 5 848 A0 Aslel, el A% st i /1A
3 Figure 89| 4 2]3}G1t}H(82]. Tha- o &, Zhao 52 2|1 2 24 At 2aseh= 7]‘*& Zlo g Wit

(a)
Solvent
exchange
Inverse miniemulsion Interfacial crosslinking: LNC dispersion
in cyclohexane LNC dispersion in toluene
PLA addition Hot pressing 25 CO, foaming
—_— _— —_—
Toluene
evaporation
Surface grafting: Nanocarriers loaded in PLA:
LNC-g-PLA dispersion PLA-(LNC-g-PLA) composite

PLA loaded foam

I O PBS buffer O cyclohexane @ DNA @& lignosulfonate @ PGPR O toluene < PLA-OH O PLA matrix

500 - 104 - 20
(b) 4 - —&— FGC L —&— char -
450 & HRC L 30 - -
17 -o— LOI
400 -
350 - -
] g 3
. 300 s F2s . o
g ] L 2 2
& 250 =L
5 ] 5 3
200 2
p r Q
150 I 20 «
100 [ [
50 I
] 1 4 - L
olv--v|vv--|vv-v|""| S 0]....].........|....|o
0 5 10 15 20 0 3 10 15 20
LNC-g-PLA [%) LNC-g-PLA [%)

Figure 8. (a) Schematic illustration of the preparation of lignin-based nanocarrier-loaded PLA composites. (b) Effect of lignin-based nanocarrier
content on PLA composites: (left) FGC, HRC, and LOI, and (right) char yield and THR. Reprinted with permission from Ref. [82]. Copyright 2024
American Chemical Society.
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Figure 9. (Top) Schematic representation of APP@AL structure and its flame-retardant mechanism in RPU foams. (Bottom) (a)LOI and cone
calorimeter results showing (b) HRR, (c) THR, (d) SPR, (e)TSP, and (f) COP. Reprinted with permission from Ref. [87]. Copyright 2024 American
Chemical Society.
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Reprinted with permission from Ref. [91]. Copyright 2016 American Chemical Society.
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