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Thermal Decomposition Kinetics Analysis of Injection Grade Polylactic Acid

LUO Yuefeng, WEN Huahao, LIAO Zhengfu

(School of Materials and Energy, Guangdong University of Technology, Guangzhou 510006, China)

ABSTRACT: The work aims to study the thermal decomposition kinetics of injection grade polylactic acid (PLA) and accurately
understand the heat stability of injection grade polylactic acid (PLA), so as to provide theoretical basis for developing high
temperature and flame retardant injection grade polylactic acid (PLA) materials. By non isothermal weight analysis, the heating
rate of 5, 10, 15, 20 and 25 °C/min Was adopted to analyze the thermal decomposition behavior of injection grade PLA in nitrogen
atmosphere. One differential method and three integral methods were used to carry out the detailed kinetics calculation. The
correlation coefficient and standard deviation were compared. KAS isothermal integration method was selected, and with relative
deviation 4=|1-a./a.| as the objective function, 16 kinds of thermal decomposition kinetics mechanisms were used to simulate
and calculate the most appropriate reaction mechanism for the thermal decomposition of injection grade PLA. The activation
energy and pre-exponential factors required for thermal decomposition of injection grade PLA were obtained. The activation
energies of injection grade PLA calculated by Kissinger, Madhusudanan-Krishnan-Ninan (MKN), Kissinger-Akahira-Sunose
(KAS) and Flynn-Wall-Ozawa (FWO) were 177.01, 174.43, 173.01 and 173.28 kJ/mol, respectively. The pre-exponential factors
were 25.84, 26.69-33.75, 25.83-32.89 and 26.38-32.94, respectively. The random nucleation and subsequent growth reaction
mechanism (A1/4) are determined and In(g/7%)=In[4.75%10°/~In(1-«)]-2.08 x 10%/T is the most appropriate description of
injection grade PLA thermal decomposition reaction mechanism.
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HIYRFLR (PLA ) KHE GBI HAL S8
B . AWAHEN . AR T s
WA I R IZ R AR R s 2 — U4 HE R
MR PLA IV EE (HDT ) HAfr 58 °CAE
A, AL TE AR PS M1 PP D), Y PLA
BN SZ 3 TR KBRS . 534, MsE PLA #okHAYHER
SEVEIR P DA LA R | B R A iR AT
P BRI MERE . I, WFIEIEEYL PLA [H3ARERSh
J12F, JHAERIIF ST LA LR, I T & s i AR A T
IR PLA MEL, o EA EEE L,

B~ 1k, X TRILRE &R 3 1 2 1 B
FEAT ZWESH, (0F KEIBH PLA 5 i sh 11
PR IHAZ, HAE PLA 4589 . 43077 eIk
RESFEMRERBAERKESR . BT,
4 ENi%EUIF ] Freeman-Carroll. Achar 1 KAS ¥
TR EER L-ZLmR ARG EE E E
[} 128.61~134.79 kJ/mol, In A 4 23.46~25.28; fi}
FARLDH A FWO fl Friedman 318153 D, L-%
FLIR IR 15 ILRE E {54 518 97.78 . 90.64 ki/mol;
Alhulaybi Z£UH] ] Friedman, FWO ., KAS A Starink
B3] PLA SR TEALRE E (6535128 97, 109,
104 1104 kI/mol. 2 LA, #i 7 R F I FWO
FI Kissinger ¥3R13 [ NiiifbEE E B4 510 104.9.,
109.2 kJ/mol, il Ozawa %52 5 [ 20 Rk R 15 it
R TG AREE E (M 91.4 kI/mol 1 In 4 K
14.9~18.2, ASCHLIE i JE IR INE /17, WFoTiE o8
% PLA RS A T WS MEAT R, JF#E T
Kissinger. FWO . KAS Fll MKN ¥ #1737 51 2%
M, DABIREE Y PLA Tif#hFa @ MapFox 4 fit— ot
SR

1 K

1.1 #RFES

TR S : IR F R (PLA ), 3052D,
2 [ Nature Works LLC; AL-204 5 F K ,METTLER
TOLEDO; DZF-6020 EZ%5 T4, iRl A
FRNEIESF iR 5 T3 SDT-2960 #E AT, 2EHE TA
NS
1.2 RIEFHZE

P E MR TEEE TA A7 SDT-2960 # & 434
I RS, HHER R N IR~800 °C, N, <4, Wik
A 20 mL/min, FHE#ZESHN 5, 10, 15, 20,
25 °C/min.

1.3 PLARS I NZFEH

HIF 5 90 Jo BA g AL 1) A A T v e Ol A iR 3
FONEMARRRR S S 0r ik . Ho, ARSRIR BN 15 X

G R JCAS R By 2 vk A R4 3 2kl
B 7 2 L B S it R Bl ) i AR P B i T
USSR SR L . ORI I A o iR
BUME: 2 25, BT il TR FHIBRAS HORME | 22505548
T, XS0 M S ORR, AR AR E AR
T R332 1T DA R0 G X Rl B 2 P4 S 0 #r( TGA)
Jrik TR e, RS R R RN 3N ) 2= S0
FET B,

[T 42 P A A i a2 — ol A 34 R 1) R fit s g
&, — TR .

R (solid ) —>EA iR Y (solid) +H K
Y (gas)

FE SUIRR S AR o R

a=Wy-W,) | (W, -W_,) (1)

Kb wo o W R WL 43510 PLA A& Y 46 5T
i, ¢ 2R U AR R R, o BOBUETE Y
0~1. A4 E BRI S d 22 A & (ICTAC) )
NHFT RSN, FE 2 THEHE R T A E o 4h
BEAE |, AT A Arrhenius 77 B2 PO YE A o % A4 R} 1
O BT B D15 o b, R R i A0 =X

(2) Wygh iRk,

k(T)= Aexp(—E / RT) (2)

K. A MHRFTAF, 575 E A FRWIEALAE , kI/mol;
R SR, R=8.314 J/(mol'K); T HAXHEE, K.
I AH AT it S 0L 1 53 T3 SCAUNTR

der/dt = k(T) f(e) = Aexp(=E / RT) f () (3)

IR S 2 THET , THE R p=dT/de, W= (3)
AR

da/dt = (A/ BYexp(-E | RT) f (&X) (4)

K (3) MK (4) BT R F A 1 T 3R
RSN 15 AT 2 A IEART ST TR G B T2
WFFERIATE 55 R B R 2 (3) At (4) HhaRfEdE
MR SRR S 12 = HF: E. A, flw), LU
LR A3 i oh S R AT 405 B , 148 7T O 3R il
iR LB S S
1.4 WO h=SHItE
1.4.1 Friedman &8 X/ %

B RS AR )5 k2 Friedman J7FERY,
= (5) i, B EARBIRERT, 1E
In(der/d)y~1/T &, AR FERE A5 2136 1k EE £
FEATHF In 4, Friedman ( FD ) J7R2 A4S AW &
AT An] 0 AR RARE 22 T 3 A ] B o0 A 155 450 1) B ) 2
38T, H FD 2 BRAER W T mdE s B2, 11
A S BT B BE AR ERR P

In(der/ dt) = In[Af ()] — E / RT ®)
1.4.2 Kissinger F# L EZ /5%

Kissinger F A WARmRKME . X3 (3) EHx
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KREALRFZMNT o/ d’n =0 fEF B, BOTEUR
PN 15 Kissinger P, sk (6) PR, Eid 1
— BRIV B THRE R TAE 8/ 7)) ~1/T, K, i
R 537015 206 (LR E (S A8 T T In 4.
In(f/T?)=In[4AR/E]-E/T, (6)

1.5 MO AZ2SHEITE
1.5.1 MKN &EBfR 4%k

Madhusudanan 2535308 e 42 1 MKN BT, 8@
bR R LRI A i, 53 T s (7) FoR. #@
i (/T XE L/ T AR, BRI E EE, B
FRHE FHLEE PR AL G(o) AT SRAS In 4 {8

In(B/ T3 = In[A4/ G(ex)- (£ 1 Ry "5 21—

1.001928E / RT —0.389 677

1.5.2 KAS E BB ok

Coats ZEPT1H et KAS AU R (X
(8)), it m(B/THXF 1/ THER, HiglRAHE E
B, WML PRE G(o)n] k1% In 4 H.

In(B/T*)=In[4R/ EG(&x)]- E / RT ®)
1.5.3 FWO &iEf4mix

Flynn-Wall-Ozawa ( FWO ) J7 %3 T Fl 4 Je 1% 3
SE AR Doyle L AMBEIE DY, JE AR FE AT 7 1k
WS k2 =L (K (9)), it g p Xt UT
ER, mARRIIE £, mEEAVELRE G(a)

>k In 4 1H.
lgf8 = 1g[AE | RG(ct)]-0.456 TE / RT —2.315 9)

(7

2 HR5HH

2.1 PLAWRKES

1 4 PLA 7EAS R THE R T 1) TG-DTG £k .
ATLLVEBL, PLA AUAH —BAKHE (320~390 °C ), i
FEARTF 320 °CHY, TG M FE, £ PLA WA k4t
P # . TE 320~390 °C, TG ML AR, PLA &
ARG, BRSO B B TR A kS,
MR BEIAF] 390 °CLA |, PLA $UMEILALS o, #EM
ANHEERK, KRR FEE 97%LL L., biE
FHEHE R B 5 °C/min HE /i E] 25 °C/min, PLA #fi#
WA (T) Bz (W3 1), R PLA $AfE

—p=5 °C/min
80 -
— =10 °C/min
— =15 °C/min
& 60 — =20 °C/min
& ——p=25 °C/min
o
B 40 +
20 +
0F
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Fig.1 TG-DTG curve
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Tab.1 Thermal deposition parameters at different heating rates

T £=5 °C/min p=10 °C/min S=15 °C/min £=20 °C/min £=25 °C/min
Tso, 317.67 335.67 339.50 344.67 348.75
Tov 327.17 343.67 348.50 353.00 356.67
Tys0, 332.58 348.67 353.25 358.33 361.67
T>00 336.58 352.33 357.00 362.00 365.42
Tss0, 339.75 355.17 360.00 364.67 368.75
T30% 342.33 357.67 362.25 367.33 371.25
T350, 344.67 359.83 364.50 369.33 373.33
e 346.67 361.67 366.50 371.33 375.83
Tys0, 348.50 363.50 368.50 373.33 377.50
Ts00, 350.25 365.17 370.00 375.33 379.58
Tss50, 351.92 366.83 371.75 377.00 381.25
Tso% 353.50 368.33 373.50 378.67 382.92
Tes0, 355.00 369.83 375.00 380.33 385.00
T700 356.50 371.33 376.75 382.00 386.67
T750, 358.08 372.83 378.25 383.67 388.33
Tso% 359.67 374.50 380.00 385.67 390.42
Tss0, 361.42 376.33 382.00 387.67 392.50
Tooo, 363.33 378.33 384.25 390.00 395.00
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5 MR A K o SRR TR R S TR
R, BRI AR

2.2 PLAWRSREUREITE

J T AR PLA PV R, Bl AH
Kissinger, MKN, KAS Fll FWO 3%, X% 1 #gS4nt
FPRMERE RS AL Z Arrhenius 8 (& 2a~d ), H4fE
EERRRR, AR PLA RIS ILAE E (WL 2 ).
A% EL, Bl MKN., KAS., FWO ki8I 1L
fit E HAERE, EBEFHALR o Zfk, TR E XN,
MKN J51:3R1% E A>T 148.81~179.03 kJ/mol, “FHIE K
173.28 kl/mol; KAS J5133K15 E /T 148.51~178.76 kJ/mol,,
SEHE A 173.01 ki/mol; FWO ¥Rk E A+ F
150.69~180.02 kJ/mol , “F¥J{H K 174.43 kJ/mol ;
Kissinger Jy 3R E F-Y{E K 177.01 kI/mol, H#K 4
Fhi)rss, MKN. KAS. FWO JiEiHES3InELhE E
SEPHEARVT, 1M Kissinger 15 T FORFE—/NREE SN
RN TEALRE M o RIS, MKN 735 69 R AT 0.955 0~
0.993 0, FH{E K 0981 7; KAS FTEWN RZAHT
0.954 7~0.992 9, F-¥I{E K 0.981 6; FWO JiikH R
F 0.959 9~0.993 7, FIME N 0.983 5; Kissinger
J5H R* M 0.988 8, 4 Rl ik ASL Ll BT A 2k M AR G R

_TP

~11.4 . . . . . . . .
1.52 1.53 1.54 1.55 1.56 1.57 1.58 1.59 1.60 1.61

10007-/K!
a Kissingerjk

-9.6[
981
-10.0 |
“102}
-104 |
~10.6 |
-10.8 |
~11.0 |
—11.2}
—114 |

In (B/T?)

150 155 160 165 170 1.75
10007-/K-!
¢ KASH:

BORHIBEGE T 1, REHRM LM SRR, 4 Fy
AT A EA BRI, i s e gl B T
SEM

FRATHF In 4 BTSRRI S — A2
B 1% 250 IE 2a~d B B ZEEE T LA PLA #4
It B In A (CUNEE 2 FoR ). Hi, MKN k48
FK) PLA 1 In A A+ T 26.69~33.75, F-H41{E N 32.44;
KAS FiEAS 3% PLA [ In 4 /T 25.83~32.89, F-1
fH>N 31.58; FWO J5ikfR 5 PLA ) In 4 A+ F
26.38~33.18, F-IIEH M 31.92; Kissinger J i RIGH)
In 4 432,75, 4 Mrikit B rfs PLA BF8HITH 734
AT, [FIF MKN. KAS 1 FWO i ng G 1L i
AT FEME o BB EE—80n, x5k
[16, 41]HRIE & —2, #E—PiE FiRiELReTt
LT S

R L H, Friedman 132 FE 2R AL 1) T I 52
ma R, TEE S BEO AR A UER ; Kissinger
2T HOREE— AR S A 2 IS TR RE R K, A
R ; FWO Al MKN I7E a=50%T1 32 4% & W) 543
RS, RPSFHMEE/NT KAS %, NEHER,
R, EFHAEXTERS . TR A KAS 743617 PLA By
A SN LB A B 52 o
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Fig.2 Isoconversion Arrhenius diagram
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Tab.2 Results of the fitting calculations by the FWO, KAS, MKN and Kissinger methods

MKN 7% KAS ¥ FWO % Kissinger ¥
‘ E/(kI'mol™") R Ind4  E/(kJ-mol™) R Ind4  E/(kJmol™) R’ In 4
0.05 148.81 0.9550 26.69 148.51 0.9547 25.83 150.69 0.9599 26.38
0.10 161.47 0.9672 29.53 161.19 0.9669 28.67 162.89 0.9705 29.08
0.15 166.58 09711 30.70 166.30 0.9709 29.84 167.82 0.974 0 30.21
0.20 170.65 0.9739 31.62 170.38 0.9737 30.76 171.75 0.976 5 31.10
0.25 173.20 0.978 0 32.21 172.93 0.9779 31.35 174.24 0.9802 31.67
0.30 175.03 0.9789 32.65 174.77 09787 31.79 176.02 0.9809 32.09
0.35 178.16 0.9792 3333 177.90 09790 32.47 179.03 0.9812 32.74

0.40 177.40 0.9827 33.24 177.13 0.9826 3237 178.34 0.9844 32.66 E=1T77.01 ki/mol

0.45 178.58 0.9831 33.52 178.31 0.9830 32.66 179.50 0.9847 32.94 R?=0.988 8

0.50 177.88 0.9851 33.43 177.61 0.9850 32.57 178.86 0.986 6 32.87 In A=32.75
0.55 178.80 0.9854 33.66 178.53 0.9853 32.79 179.75 0.9868 33.09
0.60 179.03 0.9870 33.75 178.76 0.9869 32.89 180.02 0.9883 33.18
0.65 177.26 0.9882 33.46 176.99 0.9882 32.59 178.35 0.9894 3291
0.70 176.96 0.9894 33.45 176.68 0.9893 32.58 178.07 0.9905 3291
0.75 177.34 0.9903 33.58 177.06 0.9902 32.71 178.47 0.9913 33.04
0.80 175.32 0.9912 3324 175.03 09911 32.38 176.57 0.9921 32.74
0.85 174.39 0.9918 33.13 174.10 0.9918 32.26 175.72 0.9926 32.64
0.90 172.26 0.9930 32.81 171.96 0.9929 3194 173.71 0.9937 32.34
M 173.28 0.9817 32.44 173.01 09816 31.58 174.43 0.9835 31.92

2.3 PLAMBRS R NAENTE

PIFII R 25 Ai = 1—or /o] I BFRPREL (o A1 e 53
BRI o AL o H), 4 EH8N, W o F o
2 [) B4 i 2 e /0N | & A i et 7 194 52 o7 ML B A3 A
THEER PLA MIRIHRAT R #6533 I RN HLEE )y

FARA (8) HATIIM R o ITE, 435115
FNEAHLILLE 5 FIFHREET a. XN 4,18 (45
UL 3). ATLAAKEL, 5 R THEE AT A4 HLEHA
Jirfs A /N, AVA OSALE (AL ARG fS 2R )
& i & PLA & & & W & MMl E, R
In(B/T?)=mn[4.75%10° / —In(1 — r)] - 2.08x10* / T

x3 16 MHERHMHMSMRLER
Tab.3 Differential and integral forms of 16 mechanism functions
=2 TR S RAR F(a) G(a)
1 e F R (F1) 1 2 R (1-0) ~In(1-a)
2 fb2= R (F3/2) 1.5 G R 2(1-a)*? (1-a) -1
b2z (F2) 2 G (1-a)? (1-a) -1
4 ik (D1) 1 44 i il 1/2a) @
5 EiEJ T (D3) 3 4B 32)(1-a)*[1-(1-a) 1! [1-(1-a)"T?
6 fE18Jr# (Ds) 5 Ae4y B (3/2)(1-a)[1-(1-0) 17" [(1-a) 177
7 A F R (R2) W4 15 A AR 2(1-a)' 1-(1-a)'?
8 B (R3) W i Bk 4 3(1-a)*? 1-(1-a)'"?
9 PTRPCKIRE UK (AL/4)  BEVLRRFIRE G 4K 1/3(1-0)[-In(1-a) %] [~In(1-a)]*
10 BTRPCKIRB AR (AL/3)  MEHLAUZE b S A K 1/4(1-0)[-In(1-0) ] [~In(1-a)]*
11 BTRPDR-BE AR R (A2/3)  MEHLSAE A S 4K 2/3(1-a)[-In(1-a)] "2 [In(1-a)]*?
12 FIRPOR-RT SRR RE (A3)  BEMLS ARG )G A 1 3(1-a)[-In(1-a)]*? [~In(1-a)]"?
13 TR (P2/3) U] m=2/3 2/3a7"" o*?
14 TR BE N (P2) BAZE ] m=1/2 20" 1
15 FRRBOEN (P3) BAZE ] m=1/3 30 a'”
16 FRRBOEN (P4) BAZFE ] m=1/4 40" a
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Fig.3 Simulation of PLA reaction mechanism
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SE 3k
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PR, RAHESEIRINE S HTIEVISR THEEH PLA 1£
RAAF IR R 5 FH MKN, KAS,
FWO Fil Kissinger 4 F 5 04T T AN 8 12415,
I L BAH & R bR 22 o P KAS SRR,
VIFHX 25 4 = [l~oe /| 9 BARREL, FIF 16 Rl sy
i sl S AR PLA #6319 [ R AL
M, g KRBT .

1) MKN, KAS. FWO Fl Kissinger 4 Fili J7 p:A
PURTAF L PR AR 56 R AL R 94530 T 1, WS m) £k
KAMR, 4 Pt B8 BA RAFHEsatE, i
TEALRELE R HEN o

2 ) MKN. KAS. FWO Ji&iH a3 8 G E
SEYMEARIT, 1 Kissinger 5 H T HoRBE— MR 5,
19380 1% L BE R K o

3) B e T REALA A ARG fS AR K R LB (A1/4)
AR PLA POt A8 9 SO AILEE, X ALy
FEN In(B/T*) =1n[4.75x10° / —In(1— )] - 2.08x10* / T

RIASSCHE S AE TOFR B PLA MR I i
g2k, HTFHEMPRA RS PLA S E T,
R FE K = IR PR E ¥E . PLA A RHE I ELS K
R RTFHLERA & BT, IEfEE— 2P S0 5000
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