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Fig. 1 Synthetic route of lignin-based flame retardant containing phosphorus, nitrogen and silicon element

DOPO N M7, i = 2By i Th il & 7 2 & eI
i IC R IR B R FE BRI (FR-Lig) o FFiBR M5 faldL
TRIH FR-Lig 5| N PLA W, il % 7 L PLA &4 44
BE, 0 FLPH MR E RE L IR E MR RE R B AT NS EAT T
ST, HARH T AT RE I BH AL

1 Ko
1.2 AFENEE

R HLWE : 4032D, 3 [H Nature Work 17 FR A & 5 5§
ARFE (Lig): T, B i TAH R A A :37%
AV \NaOH 2 HR 25 < 351 R v 4, [ 24 4 [ AL 2
R F A R A A s KH540 (97% ) « DEAS (99% ) Al
DOPO: Fifgfir T A B It A R A\l s oK &
P VA VN, N- 5 B i DY S0k e = 359 )9 40 A
aff, g iR Ia IR A A .

FIENLUS-70C B, & N TR o RHECA R A A 5 F
PR : XLB AL, 5 M T 28 — i k%) s IRe )
E DAL - PRI T B = AR A PR A A
1.2 RERREBBFIESI&

9T B AR E RN 5 S ad T K R T
HATFR R AL . BT 20 A8 BRI v 1L
AT ER FE AR 0 £ AR i 22 088, K5 18.0 g |
AIEA R F (Lig-A) 70 BUTE S A 150 mL H 2RI
(11250 mL = VG A, B 75 1 h LIRS 35 20 1 43 1k
o BRJG, I\ 36 mL KH540, 75 5 2L #E F 22
P2 FHE 22 110 °C, BB 16 hs V45 R G412
i, B S S8V, FH COREVEG 2 ISR 5

A= ME T 60 CCHE MM T TREEE, 5F
A (Lig-NH . 285K 18.0 g Lig-NH, 73 H
£ 150 mL H 4 ) 250 mL = R JE B, A
3.8 g DEAS. ¥ IR iE A )i 75 43 5L 60 min, 2% 18
THEEZ 110 °C, HLBRIEHE T RIVERPL16 he RV,
J& AR UTE F CBETR3 2 IS B 1. F Bid
=& T 60 CHIEZSHMP HEEERE, B85
B IR L A6 B T 1) 44 (NLig) o 383 X 5% He 1B
A M AR B2 AR 1) 00 25 B 4 B0 5.02%

# 18.0 g NLig.3.5 g DOPO i1 150 mL J/K Z. %
TN B B A5 1 77 36 F 70 5] 30 2% B 19 250 mL = [
JERBENL T, T 50 °CHEFE SN 10 he KRS W H1 I
98, F oK C B BE i 2 IR LB 2 R 56 45 IROML 1)
DOPO, H &M+ /5 3 BIAR B ok K, B A H AR =4
FR-Lig, AN TR h & H . BAR G g 24 18 0
Fig.1.
1.3 PAARIABRAIHIE

4 {8 Tab. 1 7 R TC 75 R B8 2 2 3 475 ke Ve
il & PR TR AR . IR, T 7 R B & T
24 ho BB IHMLIRE N 180 °C, FE i I B N 30 1/
min, 3% 1 7 R EGARE ; 76 2 AL 6 k3L IR 5 min;
SR JE PSP BB A LK B 5 AR R 70 10 MPa, T B
180 °CHIZAE T, 564K 5 min, ¥4 JE 3 min; B 5
BT PRI o
14 FRESMK
1.4.1 A5 2 ot & $ 20 ) 5k 3 5 47 2 K A Nicolt A
vatar370(is10) {8 B I AF 360 21 APl 184SO i (19 2485 1)
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Tab. 1 Formula of flame retardant PLA composites

Samples w(PLA)/% w(Lig)/% w(FR-Lig)/%
PLAO 100
10Lig/PLA 90 10
20Lig/PLA 80 20
10FR-Lig/PLA 90 10
20FR-Lig/PLA 80 20

142 X H & &% F ki 9 47 : K A PHI 5000
Versaprobe 11T X 5 £k J't; FiL - HE 15 SO FF it 1 76 3 40
FCHEAT 4347 o

143  # X & 5 47 : 3K H 3& [ PerkinElmer 2 ] [
STA 6000 5 4 5 7 B AT F oy i ik FRER 5~
10 mg #¢ &, THIR 3 2 20 °C/min , 7 A8 4k 78 il 30~
800 °C, AR I &4 20 mL/min, 7 25 <& H o
AT

1.4.4  [EBRHEAE X 2 4% B8 E AR GB/T 2406-2008¢ %%
BE AR HOE E R AT ), RN T B i s
J ) JF-3 24 44 H A 52 PLA K BH K PLA (1)
W PR 48 48 2 (LOD , # i RSF N 125 mm*6.5 mmx3
mm; 7% 18 [E #5 GB/T 2408-2008 ¢ ¥4} ke vk E 0
SE KL E L), R T B a1
CZF-2 T 3 B #RI5e I 52 40 52 PLA FIRH L PLA 1)
ELAFE UL-94 258 2, #F i ST 9 125 mmx 12 mmx3
mmo

1.4.5 77 5 P A K« 4 8 [E AR GB/T 1040.2-2006
Rl B RE I 2 ) , K 10KN/WDT-10 %4 75 6
F15 MARHLI E PLA FZBEIR PLA F 47 AH 558 5 , £ i
JE PN 2 mm, F 3 #E 10 mm/min; 3% 18 [E 5 GB/T
1843-2008 , K FHIAYI = B RE RIS 24 7] 1 PTM1200-
B1 AU b iR GG LI 2 PLA S BHAE PLA
o, RE T RSN 4 mm, B VA N 2 mm.

1.4.6 B AT A 5 A7 : K H 9% @ Fire Testing
Technology /~ 7] Ff] Ftt icone mini 4 Ji2 & A AT
MR . FE SR SE 4 100 mmx 100 mm>3 mm , 48 55 20
R A35kW.

1.47 1A#EF 2 M5B9 4 : K ISM-1T100 %4
SEM (H A< Bt Pk s 2 ) X BHIA PLA A2 b ol 52 56

Je AT S HHE TR B FA Gt S i) SRR AT &
BREEIBEAT T A B, IE F RN 15 KV

1.4.8 42 203047 KM SEE BRER KR 2 =] 1Y
DXR3 7 GG 7R IR 1 A7 s AR FEREAT 20
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Lig #ll FR-Lig f 21 71 3% ¥ W, Fig.2. Lig 7£ 1512
e Ab A ZR IR B E C=C #4418 sh 45 1E T i, 7
3436 cm' AL AT 1701 em™ b 73 i HH B 1 2 AT B L 1)
5 UE IR AT U, 7E 2835~2970 cm! A 1459~1599 cm™ 43
BT —CH,, —CH,—FIHFIE W i 6 . FR-Lig B
T I Lig 1Y 32 B AE RS 2 A, £E 1235 em
757 e B B T BREAE R AU S 43 ) BT P=O
I P—O—Ph #E IR SN : 7£ 1455 em " AL HH | P—
Ph 8 [REAE R WS o B4, 7E 1631 em' #3429 cm'!
PR 23 B T AU, 1X ] RS2 N—H 8 (1A TR AR5
W YA g AR N—HL B (1% e 44 41 250 W S g 5 AR Joit 2 U
HESFHEC AW, B T AR 2 EEBR AT
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Fig. 2 FT-IR spectra of (a) Lig and (b) FR-Lig

N RE DA A 5T 2% BE R 1 R T 1 £
it XPS % H e R A kAT 7 RAE, 45 R W Fig.3 B
IR, TUEN NS W Tab.2. S5 SRRI, Lig b T &
HC,0JLES, AP RN ICE, JEF AT fE & AR
JREFAE TR BOE R A D & PN R TR ™5
FR-Lighg T NGRS EREZ4, EHI 7 Sit
EMPILER. IAh,Fig.3(b) 7T 284.8 eV AL (1) i
7 A K I 0 TG R0 0 A R 45 7 R (1) C—C B, 286.0
eV Ab 1 1 At U >R 15 A o A8 BRI R ) C—O B DL &
DOPO ] C—O—P % ; Fig.3(c) >N FR-Lig [f) N1s i}
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Fig. 3 XPS survey scan spectra (a) of Lig and FR-Lig; high-resolution spectra of (b) Cl1s, (¢) N1s, (d) Si2p and (e) P2p regions of FR-Lig

Tab. 2 Atomic fraction of FR-Lig from XPS analysis

Sample Cls/% Ols/% Nl1s/% Si2p/% P2p/%
Lig 80.85 18.02 1.13
FR-Lig 69.91 16.99 5.07 4.66 3.37

B, 1£ 400.3 eV Ab 1 402.3 eV &b 43 5 X B F C—
NH—C 8 fl—C—N—4# ; Fig.3(d) B Si2p i &l
103.5 eV AL I T 1A BRI, i 06 )H & T KHS40 (1)
Si—O##; {7 T 133.7 eV 4b 1 134.6 eV AL 111 P2p £ NI
JVET DOPO H [ P—O—C # A P=0 f™, T L
IR A3 HT T LR VA FR-Lig (1 8 h £ o
2.2 AKRERZREERTIHIHARE R

Lig 1 FR-Lig 7£ 2 A P TG #i 26 5 DTG
28 WL Fig.4, £ Z K B S50 WL Tab.3. Lig 1B f#
I FRAEAE 24 FEH B, 79 0 4 200~400 °C 1 400~
600 °C, 7t 550 °CJL-F- ¥k ke 56 4% , ik B = AN 1.8%
5 Lig #H H , FR-Lig P& A M B AL AH oot FH T 33
K 3 & s [F] B FR-Lig B9 Tw 38 7+ T 26 °C, H7E
550 °CH 5% BY B ] 1A 31.6% , 1X 3t B P, N, Si 25
BRIGE IR 51 N BE A% 2 25 B A 0T 25 1 AR e 1 R AN
B BE 7T . 5 R AT RE A 7 0 il FE I FR-Lig H 1Y

P—O BEWT 2L, 52 50 I3 fift BT 7= A= 1 Tl T R s ok TR0 55
TR, (2 B » AT I T 56 B8 s 1 AR e PR R AN
FRRFE T o T WL, FR-Lig A 2B AE A FEAA T A T i %
FEIR = 7 T4 K o
2.3 PHABEZLERAVBR A BE

L LOT AR B #R % UL-94 25 201 78 T FR-Lig
XT PLA FH#K P 68 16 52 i, 45 R L Tab.4. 2H PLA
(PLAO) ) LOI{H N 21.0% , T ELBR)KE UL-94 5547,
HAEA ™ E AR IR . FR-Lig N\ o] 2 2 42
PLA [ BH#ATE B , ¥ N5 9 10% 5K AT {8 10FR-Lig/
PLA 1 B A K% UL-94 3% 3] V-2 4%, LOL{H & &
23.0%; fifi FR-Lig [ 4k 22 N , 20FR-Lig/PLA 1] it V-
0%, [Fl LOTME L 3 27.5% , B BAL T A& 46440 T &
Lig I PLA . Ji [X 1] i /& FR-Lig 754 R R e it 72
AILEM BRI Y EUE IR |2 %ok 2 B BE #4 B A
AR, B IR E M RE SRR be , S 2848 v T AP RHT)
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Fig. 4 (a)TG and (b)DTG curves of Lig and FR-Lig in air atmosphere
Tab. 3 TG data of Lig and FR-Lig in air atmosphere
T,./°C
Samples Ts/°C Residue at 550 °C/%
Thax y -
Lig 211 274 478 1.8
FR-Lig 237 371 533 31.6
Tab. 4 LOI and UL-94 testing results of PLA and flame retardant PLA
Vertical burning UL-94
Samples LOI/% Teniti
- gnition of the .
t/s t/s Dripping cotton Rating
PLAO 210 >60 yes yes NR
10Lig/PLA 213 304 253 yes yes NR
20Lig/PLA 220 245 10.3 yes yes NR
10FR-Lig/PLA 23.0 12.8 0 yes yes V-2
20FR-Lig/PLA 27.5 8.6 1.9 yes no V-0
Tab. 5 Mechanical properties of pure PLA and flame retardant PLA
Samples Tensile strength/MPa Impact strength/(kJ - m?) Elongation at break/%
PLAO 62.6+1.1 1.99+0.20 16.6+1.3
10Lig/PLA 29.742.2 2.254+0.35 1.3£0.3
20Lig/PLA 15.0£1.0 2.04+0.38 1.120.1
10FR-Lig/PLA 41.8+3.0 3.17+0.55 3.7+0.4
20FR-Lig/PLA 21.6+2.6 2.76+0.23 2.8+0.3

BELBA T BE .
2.4 PAMABRZLERAY

£ RE

N T I FR-Lig BN KT PLA 7724 PERE HI 52
M , % 45 45 AN [5] FR-Lig ¥ 1 &= (1) PLA 1) )1 % V£ RE ]
1T THEFC, 45 UL Tab.5. 54 PLA A1 LE , BRI
TIN5 A8 PLA 1 7 e 558 55 R 07 2R 26 PR, HLIE

VS I B BG N, AR PR 8 K 5 T v o 9 A P e
3%, 10FR- Lig/PLA H o 7 5 £ b 2l PLA = H &)
60% , IX 5 TR E A — 2™, [E 5 10Lig/PLA AH
Lt , 10FR-Lig/PLA ) 4 {1 58 S5 tH 29.7 MPa #& 7+ &
41.8 MPa, 7 55 £ 0 1 2.25 kI/m* $2 7+ &8 3.17 kJ/
m’. JEF AT /& FR-Lig H B /K [ 5 2544 1) 5] N3
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Fig. 5 SEM images for impact fractured cross section of (a) PLAO, (b) 10Lig/PLA and (c) 10FR-Lig/PLA
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Fig. 6 (a) TG and (b) DTG curves of PLA and flame retardant PLA in N,

T Y BEBRFR 5 5 R 44 Rk 2 8] ) S TH AH 25 R 43 1R
P, T35 T BEAR PLA M BHE 125 66 . SR, 24
BEL 8 7510 1) R 5 20 B R 20% B, 7 2 g B B T
10% A & M HAPLAA R . BT R g R,
Je THTZE 3 B A TR 10% 35 0 5 1] PLA E 2 32 BLAJF T 5%
G W HIRBEAT AT T PRI

N IE 255 BT 10% BEBR T A I N A4 &R 78 JE
PR A A3 B AR 25 M B2 8 i SEM W ER
Ihle 5 R AT RO 45 44 . Bl Fig.5 W AT, 4l PLA
MR JE AT e iE , RIS T MEYE R R
NN BH#A ) 2 J5 , 10Lig/PLA #1 10FR-Lig/PLA s
Ji ()T 350 3R AL 2035 e ELKEDRE 11 5 1T, 3R BH A7
EEVERT 20, 1 10Lig/PLA 14 & b, B4R Lig A
PLA 2 [ [ 53 THT AN 375 BT » 15 3G 768 T 1y Dy 284 74 A% 1
2, FRAEAT — 22/ NFLIR , R R AT RE A2 Lig 5 PLA 2544
MR AR ZE A RIS . Ak, FR-Lig/
PLA % 10Lig/PLA (1) 48 [ 5 hn ' 1 % 5%, S 1 ) iy
FURIAZAFEOR , S LR 5%, BRI S F sk
fift. AT UL, FR-Lig 5 PLA AR MEE 4T, HREA 200
BUCE PLA H, 3958 1 BRI -5 B 404 RE 2 Ta] A
77, IG5 T BELER PLA BRI 1122 1 B

2.5 PEMABRILERAVAFEEMRE

PR () FA RS T P B A 5 M FLBE A 1 R 1 25 2 ]
R — BT LR REG R, EBHRFRIMER
10% (17 BH % PLA & &, % A Aa e M Re gk 47 T
FLo i PLA FIBHE PLA 7E %S AR 0 TG Hh 26 Al
DTG i £& 4 Fig.6 Frox , 32 2245 3 WL Tab.6. 4 PLA
) T, oM 340.7 °C , 7E 400 °C J|F- 4= B4 fi# , 76 550 °C
(5% B N 0.9%. 1T FEHBR PLA [ To 276 BT R B& 31X
AT A8 A TR A BER ) 23 5 T S04 AR 70 At - 75 B4
BIR Y EU% w2, I TR 48 v AU, IR BIR
PILARR R R R . 5 10Lig/PLA A Eb , 10FR-Lig/
PLA If] Ts M il 5% B 2= 3 A 527+, X R B, P, N, Si
SEREMR TG 2 1) 51 N AT DUSEAC o7 25 2k BHLA 7772 PLA
B4 m e e e
2.6 PEMABZLERAIMRERIT A

HEFE B IR (CCTs) — M FITAh AR R e
AT ISR B, BRIk FH CCTs B 92 1 4 PLA FlFH
BR PLA B RL B BR B 1 B8 - Fig.7 A4l PLA 1 FH #R
PLA 1B} HOB G 2 (HRR) ALERE R (THR) B
B [ A8 A PR TR, i R T) CTTID | #0RE O 2R I
(pHRR) . THR 1 5 M % Ji 2 (TSP) 45 # 2 L
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Fig. 7 (a)HRR and (b) THR curves of pure PLA and flame retardant PLA

Tab. 6 TG data of PLA and flame retardant PLA in N,

Samples Ts/°C T/ °C Residue at 550 °C/%
PLAO 340.7 371.7 0.9
10Lig/PLA 317.7 362.3 6.3
10FR-Lig/PLA 329.5 369.8 7.6

Tab. 7 Cone calorimetry testing data of pure PLA and flame retardant PLA

Samples TTI/s pHRR/(KW -m~) THR/(MJ-m?) TSP/m’ Residual/%
PLAO 62 404.1 75.8 0.13 2.29
10Lig/PLA 43 360.3 71.5 6.02 3.82
10FR-Lig/PLA 40 3214 63.7 3.00 6.68

Tab.7. 4l PLA [fJ TTI N 62 s, BHERFI A NN 4656 T
RUK ], JE R 0] g A2 BRA ) 52 # 2= %6 T PLA B Jii
43 fi#  FR-Lig 1 5] N B BEA TC 28 2 FE M R 2 52
I AR O A B B PR AR R L A0 TTHE A

FH Fig.7(a) f1 Fig.7(b) 7] A1, 4k PLA B A B m=i i
pHRR H1 THR, BH A 71 B 0 N o] A 28 PR AR ik 2
. 54 PLA L, 10FR-Lig/PLA ] pHRR 1 THR {E
Iy B BEAR T 82.7 kW/m* Fl 12.1 kW/m?, H B B4 F
10Lig/PLA. H Tab.7 7] %1, 2 PLA [ TSP 1} 0.13
m’, T FELA PLA (1) TSP ¢ r , 3X & K 9 PLA A i #4
A, JUT A M5 72 A8 5 1 i N BEBR RS, BER
FIAE MR Joe 1k 2 v i JiT 20 A8 I 400 ) A4 A I PRI IR B
M ASE A B AN 58 4, 7 A2 R & (44 R P o
M55, 10FR-Lig/PLA [ TSP %% 10Lig/PLA B % i
b BT 50.2%

e i 5k B B E S PR BELIA 1 20 1 AR HBR e i i

(00 55 VE Re RUR AL RO 7 TR A BB . 4l PLA
TE PR bE 45 R I (1 5% B 0N 2.29% , AR TTIELK:
— B gk, Wk e 14 ik, HJLF o8 k. i
10FR-Lig/PLA 1 10Lig/PLA (1) %% B4 & )46 it v
HATE W5k & & T a3, i AT e A T 2% A P
WA BELRA G 2= ) B (B4 R (R gk ARk R, 35 21 T
UF B 4 P (R

2.7 PBEBAMLIE

271 BB AR AT 41 PLA FIPHIA PLA & 2 T4 K}
£ CCTs J& Bk I HURS I v I Fig.8(a~c). 4l PLA JL
-G AT AT BR B, 1T 10Lig/PLA NI A5 K & A K 7
TR LRI FTH , 7T B8 2 Lig H TE ML (1 5 i 5 5
FITTE B R R AS 56 8 HL5 /A . 17 10FR-Lig/PLA
W B A e HBUE R 2, BAARTH & H D 'Ky,
ETE B 7% J2 Re B8 A S 2057 I B 28 K A R 1)
FEIB AR TR, Al (V4 4 FB T B A8 IR (UL Fig.8
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Fig. 8 Digital photos of (a) PLAO, (b) 10Lig/PLA, and(c) 10FR-Lig/PLA; SEM images of the internal carbon
residue of (d) 10Lig/PLA and (e) 10FR-Lig/PLA after CCTs test
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Fig. 9 Raman spectra of residual char of (a) 10Lig/PLA and (b) 10FR-Lig/PLA; (c) XPS spectrum of residual char of 10FR-Lig/PLA

(d~e)) &7, 10Lig/PLA HI R JEAFAE R/ NA—HIFLI ,
1 10FR-Lig/PLA )0 5 30 H 58 % B HE S %
JEEE, R R AT I B AT REER At T 46 JJEHE

$7 2 61 T DU SRR AE 5 J2 0 f A A S8k 451
FEBEO, @ ok 7 2Ok i o D g G g IR I T AR 2 L
(An/Ac) TAEFR I I A1 A FR S LA B I 2% 1)
7 BACFE R . 40 Fig.9(a~b) T 7~ , 10Lig/PLA Al
10FR-Lig/PLA ] An/Ac 8 737 9 1.96 H11.68 , J5 % bk
WA SRR P, AR e METE 4 . 10FR-Lig/
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Lignin-Based Flame Retardants Containing Phosphorus, Nitrogen and
Silicon Elements for Flame Retardant Polylactic Acid

Yan Song', Xiaohan Yang', Ken Lin', Xueying Shan’, Jinchun Li'
(1.School of Materials Science and Engineering, Changzhou University, Changzhou 213164, China;
2. School of Environmental Science and Engineering, Changzhou University, Jiangsu 213164, China)

ABSTRACT: Lignin-based flame retardant (FR-Lig) containing phosphorus, nitrogen and silicon elements was
successfully prepared through alkali lignin (Lig) with 3-aminopropyl trimethoxysilane, 4-(diethylamino) salicylal-
dehyde and 9,10-dihydro-9-oxa-10-phosphorophenanthrene-10-oxide as modifiers by a three-step process. TGA re-
sults of FR-Lig show that compared with Lig, FR-Lig presents good thermal stability and charring ability in air,
with T, increased by 45 °C, and the residual at 550 °C enhanced from 1.8% to 31.6%. FR-Lig was used to prepare
fully bio-based flame retardant polylactic acid composites (FR-Lig/PLA), and the properties of FR-Lig/PLA were
investigated in detail. It suggest that with the addditon of FR-Lig, the flame retardancy of PLA is improved. And
with 20% FR-Lig loading amoun, the LOI value of PLA is increased to 27.5%, and the vertical combustion UL-94
passes V-0 level. Even if 10% FR-Lig can increase LOI of PLA by 2 values accompanied with UL-94 improving
from no grade to V-2 grade; and the tensile strength of PLA reaches 41.8 MPa, and impact strength is increased by
about 60% compared with pure PLA. Moreover, the thermal stability, fire resistance, and smoke suppression capa-
bilities of PLA with 10% FR-LIg are enhanced. The analysis results of residual char and TG-IR for PLA show that
both gas-phase flame retardancy and condensed phase flame retardancy work in PLA, in which the laterr plays a
dominant role, and a possible flame retardant mechanism was proposed.

Keywords: alkali lignin; biobased flame retardants; polylactic acid; flame retardancy; thermal stability



