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Preparation of bio-based phosphate for highly efficient flame-retardant poly(lactic acid)
QI Gaoyun, LUO Zhonglin, WANG Biaobing
(Department of Materials Science and Engineering, Changzhou University, Changzhou 213164, China)

Abstract : Poly (lactic acid)(PLA), as a biodegradable polymer, is limited in high-end applications due to its inherent flamma-
bility, poor char-forming ability, and severe melt-dripping during combustion. By using diethylenetriamine penta (methylene phos-
phonic acid)(DTPMPA) and the natural amino acid arginine (Arg) as raw materials, a bio-based flame retardant, D5Arg, was synthe-
sized in aqueous solution. PLA/D5Arg composites were prepared via melt blending, and the combustion behaviors, flame retardancy
and flame mechanism of PLA/D5Arg composites were investigated. The successful synthesis of D5SArg was confirmed by Fourier
transform infrared spectroscopy and proton nuclear magnetic resonance. Flame retardant tests show that with 4.8 wt% D5Arg, the
prepared PLA/D5Arg-5 composite achieves a limiting oxygen index of 25.7% and a V-0 rating in vertical burning test, effectively
inhibiting melt-drip ignition. Thermogravimetric analysis reveals that D5Arg reduces the thermal decomposition rate of PLA
composites, and the char residue at 800 °C increases from 0.09% of neat PLA to 1.12% of composite, an increase of 11.4-fold. Cone
calorimeter test results indicate that, compared with neat PLA, PLA/D5Arg-5 reduces total heat release by about 9.54% , total
smoke production by about 26.9% and average effective combustion heat by about 16.1%, demonstrating good smoke suppression
and flame retardant effects. Thermogravimetric-infrared analysis shows that DSArg decomposes to produce phosphorus-containing
volatiles, NH,and CO, when heated, quenching active free radicals and diluting combustible gases and heat in the gas phase.
Morphological and X-ray photoelectron spectroscopy analysis of the residual char confirm that DSArg catalyzes the formation of a

dense surface char layer rich in phosphorus and nitrogen during PLA combustion, effectively acting as a barrier to heat and oxygen
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transfer, thereby exerting the flame retardant effect of condensed phase. The tensile strength of PLA composites decreases after

adding flame retardants, while the impact strength slightly increases. This study provides a simple and efficient preparation strategy

for the development of high-performance, environmentally friendly flame-retardant PLA materials.
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Tab.1 Formulation of PLA/D5Arg composites

Samples PLA D5Arg P n?ass N @ass
mass/g  mass/g fraction/% fraction/%
PLA 100 0 0 0
PLA/D5Arg-2 100 2.0 0.21 0.44
PLA/D5Arg-3 100 3.1 0.32 0.67
PLA/D5Arg-4 100 42 0.43 0.89
PLA/D5Arg-5 100 5.3 0.54 1.12
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Tab.2 Flame retardancy data of PLA and its

flame-retardant samples

Samples t/s t,/s Rating LOI/%
PLA 8.011.74  20.17+2.37 No 19.5+0.1
PLA/D5Arg-2  8.05+1.51 2.2140.31 V-2 21.240.2
PLA/D5Arg-3  5.87+1.29 2.14+0.65 V-2 24.1+0.1
PLA/D5Arg-4 4224248 1.38+1.12 V-2 24.5+0.1
PLA/D5Arg-5  3.78+0.86 1.14+0.67 V-0 25.7+0.4

Notes: ¢, is the first afterflame time; , is the second afterflame time.
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Tab.3 Summary of TG and DTG analysis results of neat PLA and

its composites

Samples 7,/°C T /°C R_/%-min') Cy/%
PLA 350 383 32.0 0.09
PLA/D5Arg-4 336 386 222 0.65
PLA/D5Arg-5 334 382 22.9 1.12

Notes: T, is temperature at 5% weight loss; 7, is temperature at
maximum decomposition rate; R is maximum weight loss rate; Cy, is
char residue at 800 °C.
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Fig. 7 Optical photographs and SEM images of the residual char of
PLA and PLA/D5Arg-5
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Fig. 8 XPS spectra of the char residue

2.6 HFHH

4fi PLA Fil PLA/D5Arg & & 8 BHR) 77 27 14 g 5L
P 5. MRS, 54 PLA ML, PLA/D5Arg-
4 AR RLAHGR FE PR AR T2 KR
PR R, 31X AT e i TR A7 /2 F: 30T PLA
ST . PLA/DSArg-4 BRI vha 8 |

Fh, B0 B R 0 B O X R R A BEL A 7
D5Arg 5 PLA Z [B /74 AH BAE T, BSR4 m
AREME A RFER P BB L. Bl DSArg & B YE—
AN, PLA/DS Arg-5 B4Rk (4 4 A L PR ASE s 70 Dy 224
i e = A e B T 5, SREH BHBRFRRL T Hh 30
R R LR RN, I B b i VAT 5, BELASH



30 TSR 2026 4F 5 54 4,55 7 14

®5 4PLASPLA/DSArg 8 &# I 1ZMERE
Tab.5 Mechanical properties of neat PLA and PLA/D5Arg composites

Samples Tensile strength/MPa Tensile modulus/MPa Elongation at break/% Impact strength/(kJ-m )
PLA 63.1+1.45 3248+171 2.8+0.2 4.44+0.51
PLA/D5Arg-4 58.6+3.0 2738+103 2.4+0.2 5.82+0.46
PLA/D5Arg-5 57.0+2.9 3434+379 3.0+0.9 4.92+0.77
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