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This study systematically investigated the synergistic effects of a chain extender (CE),
nanoclay (C30B), and a flame retardant (FR) on the properties of Multiple recycled
PET (rrPET) fibers. Four formulations—virgin PET, CE-modified rrPET (CE040),
FR/nanoclay-modified rrPET (FRNC4500), and a ternary blend (FRNC4510)-were
prepared via melt spinning. Rheological analysis showed that CE significantly
increased melt viscosity and improved spinnability, while FRNC4500 exhibited higher
yield stress. Morphological studies indicated that nanoclay enhanced additive
dispersion and created microstructural heterogeneities that promoted dye diffusion.
Dyeing tests revealed that the ternary system FRNC4510 achieved colorimetric values
and color strength (K/S) comparable to virgin PET, with a low color difference
(AE*ab < 2) and superior color fastness. The results demonstrate that additive
synergy can effectively restore, and even enhance, the dyeability of rrPET fibers,
providing a viable strategy for producing high-performance recycled polyester
textiles.
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Figure 1: Polyethylene terephthalate chain arrangement in crystalline
phase.
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Table 1: Samples coding and composition of additives.

v-PET virgin PET No additive
CE040 rrPET+0.4 wt. % CE Chain extended
FRNC4500 rrPET+4.5 wt. % FR Flame retarded

FRNC4510 rrPET+4.5wt. % FR+1.0 wt. % NC Flame retarded + nanoclay
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Figure 2: Effect of chain extender content on melt rheology of rrPET.
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Table 2: Central composite design (CCD) matrix and LOI results for rrPET composites containing FR and C30B.

- o aladi £4CCD | Sample code | FR (wt. %) | C30B (wt. %) | A (coded) | B (coded) | LOI (%) | UL-94

J:,9:5 (Corner) FRNC1500
2 J:,5:56 (Corner)  FRNC1510 15
3 J2,956 (Corner)  FRNC4500 45
4 J2,5:5 (Corner) FRNC4510 45
5 & 97 (Axial) FRNC1505 15
6 & 57 (Axial) FRNC3000 3.0
7 & 97 (Axial) FRNC3010 3.0
8 & 97 (Axial) FRNC4505 45
9 &3Sy (Center) FRNC3005 3.0

Ul 5 LOI s s el Joo ) s o  ( R2 =98.97)
S oo ol B

3> a3t 1 (0938l 53 3l (F US2) ey s g
A 6 sty utls o il Al satSuS s e i |y ST
D8l olidl 6 Kot jebasy YL slacbale 4o LOI jolie
SV el v )0 alad 0uiSaS b oS 5 10 094 1 w8l
W LOL (L YA-Y) Jlade O i Wl ul_....q Lsﬁ"’ﬁ"g}—’ls e
opls (559 Sy S g alad caiiS WS s Sy FIO clale
Lol 658 Il 1SS Sl a5 el Casoa

Siloaiage 5o 1) (RSM) by s (g, (ol Loy o
sy 28 97 )Lz 5 03,5 Al alad oaiSaS slacsan Sy b
sl e @0l W o Shas L IPET (glacy j5,0lS o>,k (ol

24.36
1.0 -1 +1 26.03 V2
0 +1 =l 27.65 V1
1.0 +1 +1 28.03 V1
0.5 -1 0 25.31 V2
0 0 -1 26.25 V2
1.0 0 +1 27.30 V2
0.5 +1 0 27.85 Vi
0.5 0 0 27.05 V2
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Table 3: Variance analysis (ANOVA) for LOI response model.

I A I =T I T
Squares

Flame Retardant (A) 9.24
Nanoclay (B) 421
AB 0.32

A2 0.58

B2 0.02
Residual Error 0.16
Total 15.08

11

341.63 <0.0001
421 155.70 0.0001
0.32 11.9 0.0213
0.58 21.35 0.0062
0.02 0.85 0.4025
0.027 — —
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Figure 3: LOI response level in terms of FR and nanoclay contents.
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Figure 4: Comparative SEM images illustrating the distribution of flame retardant within fiber structures at various magnifications.
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Figure 5: EDX elemental distribution maps of FR and CB in
CE040/C30B/FR/rrPET compound.
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Table 4: Thermodynamic compatibility estimation based on Hansen solubility parameters.

cal \1/?
cm
PET 20.8 6.6 6.4 18.2 7.8

C30B 24.4 10.9

ZPi 16.3 7.2
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Figure 6: Visual representation of the Hansen solubility parameter space illustrating the compatibility between the polymer matrix and additives.
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Table 5: Herschel-Bulkley model parameters for rrPET composites.

CEO040 35.26 71.16 0.897 0.99955
FRNC4500 129.85 30.70 1.020 0.99865
FRNC4510 12.65 36.76 0.933 0.99985
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Figure 7: Complex viscosity as function of angular frequency at 265 °C.
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Figure 8: Model fitting of FR suspensions: A) Einstein’s model, and B) Krieger-Dougherty model.
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Figure 10: Viscoelastic behavior of polyester melts: Effects on dyeability and network microstructure
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V-PET 16.3
rrPET 76.4 250.5 207.6 33.4
CE040 76.8 249.2 203.6 24.03

15.2 18.87 Low crystallinity, poor dye uptake

35.4 85 High crystall_lnlty: restricted dye
diffusion

3.6 734 Moderate crystallinity, cross-linked, low
dye uptake
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Figure 12: XRD patterns for rrPET, CE040 and virgin PET samples.
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Table 8: Summary of color fastness results for dyed rrPET fibers
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Vv-PET 4-5 4-5/3-4 4-5 4-5/4-5
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Figure 15: Color coordinates of the samples in CIELAB space.
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