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Abstract: The inherent flammability of polyethylene terephthalate (PET) poses a considerable threat to human
lives and property, yet conventional flame retardants fail to adequately address both flame resistance and melt-
drop concerns. To effectively enhance both the flame retardancy and melt-drop resistance of PET, a novel nano-
carbon-method. The morphology structure and thermal stability of CNSs-BA were characterized. The flame
retardancy of based composite flame retardant, CNSs-BA, was prepared by grafting aromatic Schiff bases (BA) on
the surface of carbon nanospheres (CNSs), and the composite was prepared by introducing CNSs-BA into PET via
melt blending CNSs-BA/PET composites and its flame retardant mechanism were investigated. The results show
that the CNSs-BA with the addition of just 2.0wt% of CNSs-BA, the limiting oxygen index (LOI) of the CNSs-BA/PET

composite increased significantly from 21.0% to 28.1%, achieving a UL-94 V-0 flame retardant grade. Furthermore,
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the peak heat exhibit a spherical shape with a particle size approximating 50 nm and possess remarkable thermal

stability. Notably, release rate was reduced by an impressive 46.3%. The investigation into the flame retardant

mechanism revealed that the CNSs-BA/PET composite exhibits a typical condensed-phase flame retardant

behavior. The introduction of CNSs-BA greatly enhances the char formation of PET, with the high-temperature char

residual of the composite increasing by 55.4% compared to pure PET, and the actual value of char formation

exceeds the theoretical value. Moreover, the addition of CNSs-BA flame retardant triggers high-temperature

crosslinking in PET after melting, leading to a substantial improvement in the density, continuity and thermal

stability of the char layer formed during the combustion of the CNSs-BA/PET composite.

Keywords: carbon nanospheres; PET; composites; flame retardancy; melt-drop resistance
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Fig.1 Schematic diagram of the preparation of carbon nanospheres (CNSs)-Schiff bases 4-phenyl-methyleneamino-phenol (BA)
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Fig.2 SEM, TEM and EDS images of CNSs (a) and CNSs-BA (b)
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Fig.3 Infrared spectra of CNSs 1 CNSs-BA
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Table1 Limiting oxygen index (LOI) and UL-94 vertical burning test results of composites

UL-94 vertical combustion test results

Sample Flame retardant content/wt% LOI/%
t/s ty/s t3/s Ignite cotton? Rate
PET — 21.0 Burn out — — Yes NR
0.5 23.2 2.6 2.5 0 Yes V-2
1.0 25.0 2.4 2.4 0 Y V-2
CNSs/PET o8
2.0 26.2 2.4 2.8 0 Yes V-2
3.0 24.6 3.1 2.2 0 Yes V-2
0.5 24.0 1.5 2.3 0 Yes V-2
CNSs-BA/PET 1.0 26.9 1.2 2.1 0 Yes V-2
2.0 28.1 0.5 2.2 0 No V-0
3.0 27.5 0.6 1.9 0 No V-0

Notes: PET—Polyethylene terephthalate; t,—Afterglow time after the first application of flame; t,—Afterglow time after the second

application of flame; t,— Afterglow time; NR—No rate.
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Fig.5 Curves of heat release rate (HRR) (a) and total heat release (THR) (b) of CNSs-BA/PET
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Table 2 Data of cone calorimeter test of composites
Sample FR content/wt% TTI/s Time to pk-HRR/s pk-HRR/(kW-m™) THR/(MJ-m )
PET 0 47 104 810.45 150.27
0.5 44 34 528.96 151.64
CNSs/PET 1 34 34 503.44 148.03
2 40 41 470.72 146.06
3 30 29 501.49 143.19
0.5 35 39 485.54 146.54
CNSs-BA/PET 1 31 55 469.98 156.04
2 34 39 435.00 146.54
3 30 39 466.05 156.69

Notes: TTI—Time to ignition; pk-HRR—Peak heat release rate; FR—Flame retardant.
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Fig.6 TG (a) and DTG (b) curves of CNSs, CNSs-BA, PET, CNSs/PET and CNSs-BA/PET

#* 3 CNSs. CNSs-BA LE PET. CNSs/PET. CNSs-BA/PET ZERSSH TH TG-DTG
Table3 TG-DTG data of CNSs, CNSs-BA, PET, CNSs/PET and CNSs-BA/PET under nitrogen atmosphere

Sample Tonset/ T Trnax/ T Crse /% ACgsgoc/ %"
exp.”/cal.’

CNSs =800 — 96.88/— —

CNSs-BA 476.4 — 94.92/— —

PET 379.1 419.1 10.09/— —

CNSs/PET 380.1 421.4 13.97/11.52 2.45

CNSs-BA/PET 382.0 420.1 15.68/11.79 3.89

Notes: * Crsoo'C exp. 18 the experimental value of char residue; ° Crs00'C,cal. 18 the calculated value of char residue; ACgs00c=Crs00C exp.~

CRSOO"C ,cal.s

# 4 PET. CNSs/PET F1 CNSs-BA/PET EESS5 TH
TG-DTG #E
Table 4 TG-DTG data of PET, CNSs/PET and CNSs-BA/PET
under air atmosphere

Sample Tonset/nc Tmax-l/oc Tmax-2/ C
PET 397.3 433.4 585.1
CNSs/PET 359.1 438.4 567.5
CNSs-BA/PET 391.0 439.7 563.3

Notes: Tpax.;—Maximum weightlessness temperature in the first
stage; Tpao—Maximum weightlessness temperature of the
second stage.
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Table 5 Pyrolysis products of PET, CNSs/PET and CNSs-BA/PET

Pyrolysis products which found
only in PET

Tetrahydropyran; 2,2-dimethylpropanal; 4,8,12-trimethyl-tridecanoic acid methyl ester; 2,2-
dimethoxybutane; 2-methyl-1,5-hexadien-3-yne; 1,6-heptadiyne; p-xylene; Decane; Methyl benzoate;
Dodecylethyl ketone; 1-(3-methylphenyl)benzyl(2-methyl-1-methylenepropylidene); 4-methylphenyl-1-
pentyn-3-ol phenol; Dimethyl 1,3-benzenedicarboxylate; Vinylmethyl terephthalate; Diphenylacety-
lene; Biphenyl-4-ylacetophenone; 1-(5,5-dimethyl-1,3-dioxocyclohexan-2-ylidene)-2-(N-
ethylbenzothiazol-2-ylidene)-ethanes; Phthalic acid 4-formylphenyl ester; o-tertiaryl tricyclic
[8.2.2.2(4,7)]hexadeca-2,4,6,8,10,12,13,15-octene; 4-(diethylaminomethyl)-2,5-dimethylphenol

Pyrolysis products which found
only in CNSs/PET

Phenol; 1,2-dihydro-indene; 1-(4-methylphenyl)-ethanone; Stilbene; 1H-cyclopropyl[l]phenanthrene;
Dihydro-p-terphenyl; 1-naphthol; Fluorene-9-methanol; 2-ethyl-1,1'-biphenyl; 1,1-diphenylethene; 4-
(2-benzoyl-5-phenyl-3-thienyl)-1,2-dihydrophenanthrene; 2-phenylnaphthalenyl benzoate; 1,1-
dihydro-2-phenylnaphthalenyl benzoate; 3-chlorobenzylnonyl; 1-(2,5-dimethylphenyl)ethanone; 1-(2,5-
dimethylphenethyl) ethanone; Dimethyl-1H-indene; Diethylmalonic acid; 3-chlorobenzylnonyl ester

Pyrolysis products which found
only in CNSs-BA/PET

1,5-hexadiyne; Dimethylamine; Nitrous oxide; 1,1'-(1,4-phenylene)bis-acetophenone; 2-methylindene;
Azobenzene; Benzene; (1-methyl-2-cyclopropen-1-yl)-2-methylindene; Stilbene; Ethylketone; 1-(3,4-
dimethylphenyl); 1-(4-methylphenyl); 1-ethenyl-4-methylbenzene; Dibenzofuran; 2-naphthol; 4-
hydroxy-1,2,3,4-tetrahydrophenanthrene; 9,10-dihydrophenanthrene; Benzopropiophenone; Fluorene;
4-vinylbiphenyl; 1,2,3,4-tetrahydrofil; 9,10-dihydrofil; 4-vinylbiphenyl; 1,4-vinylbiphenyl;
Phenylacetone; 1,3,5-cycloheptatriene; 2-phenylnaphthalene; 1-acrylbenzene; 2-methylnaphthalene; 4-
(2-benzoyl-5-phenyl-3-thienyl)-methylbenzoic acid; 1,3-dimethyl-1H-indene; Tricyclohexen-8-ol;
Hexaethylcyclohexane; 9-phenyl-9-fluorenol; Ethylene oxide; Methoxyphenyltricyclohexadecen-5-
ylmethanol; 4-benzylbiphenyl; Tritylbenzene; 9-phenylanthracene; 3-(1-phenylethoxy)-3H-
isobenzofuran-1-one; 4-phenyl-3,4-dihydroisoquinoline; Oxetane; 2-phenyl; 3-phenylethynyl;
Tetraphenyl; 1-[4-(2-phenylethenyl)phenyl]-ethanone; Acenaphthene; 1,2,3,5-tetraisopropyl-
cyclohexane; 6,9-dimethoxy-phenazine-1-carboxylic acid; [1,1'-biphenyl]-4-yl-phenylmethanone;
1,1":4',1"-3"-methyltriphenylene

Pyrolysis products which found
both in PET and CNSs/PET

Pyrolysis products which found
both in PET and CNSs-BA/PET

Pyrolysis products which found
both in CNSs/PET and CNSs-
BA/PET

Pyrolysis products found in PET,

CNS/PET and CNSs-BA/PET

Acetophenone; Benzoic acid; Biphenyl; 2-methyl-1,1'-biphenyl; 1,1'-(1,4-phenylene)bisacetophenone;
p-terphenyl

Styrene; Acetophenone; Benzoic acid; Biphenyl; 2-ethyl-1,1'-biphenyl; Benzophenone; 9H-fluoren-9-
one; p-terphenyl

Benzene; Biphenyl; Acetophenone; Naphthalene; Toluene; Phenanthrene; Indene; 6,6-diphenylfulvene;
p-terphenyl; Methylstyrene; Biphenylacetophenone; 4-ethylbiphenyl; Diphenylmethane

Acetophenone; Benzoic acid; Biphenyl; p-terphenyl
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