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Synergistic Effects of Chain Extenders, Nanoclay, and Flame Retardants on
the Rheology and Dyeability of Multiple Recycled PET Fibers

K. Heydari 22, A. Zadhoush 2 and A. A. Yousefi
@ Department of Textile Engineering, Isfahan University of Technology (IUT), Isfahan, Iran
b Department of Plastics Engineering, Faculty of Polymer Processing, Iran Polymer and Petrochemical Engineering, P.O Box
14965/115 Tehran, Iran

Abstract

This study systematically investigated the synergistic effects of a chain extender (CE), nanoclay (C30B), and a flame
retardant (FR) on the properties of 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.

Keywords: rrPET fibers, Chain extender, Nanoclay, Flame retardant, Dyeability, CIELAB
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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

Sample code Composition Description
Vv-PET virgin PET No additive
CEO040 rrPET+0.4 wt% CE Chain extended
FRNC4500 rrPET+4.5 wt% FR Flame retarded
FRNC4510 rrfPET+4.5wWt%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: Variance analysis (ANOVA) for LOI response model
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Source SS::;;]; Df Mean Square F-value p-value

Flame Retardant (A) 9.24 1 9.24 341.63 <0.0001

Nanoclay (B) 4.21 1 421 155.70 0.0001

AB 0.32 1 0.32 11.9 0.0213

A2 0.58 1 0.58 21.35 0.0062

B? 0.02 1 0.02 0.85 0.4025
Residual Error 0.16 6 0.027 — —
Total 15.08 11 — — —
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Figure 3: LOI response level in terms of FR and nanoclay contents
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Figure 4: SEM micrographs of fibers containing FR at different levels.
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Figure 5: EDX maps of FR and CB in CE040/C30B/FR/rrPET compound.
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Table 3: Thermodynamic compatibility estimation based on Hansen solubility parameters

cal \'/?
EY (_) O, 6, | 6, | 64 R, Reference

cm®

PET 208 | 66 | 6.4 | 182 7.8 [27]
C30B 244 | 109 | 3.2 | 216 - [27]
ZPi 16.3 7.2 6.3 13.2 - calculated
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Figure 6: Representation of the solubility for Polymeric matrix and additives in Hansen space.
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Table 4: Herschel-Bulkley model parameters for rrPET composites

Sample 70 (Pa) K (Pa-sv) n R?

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, B: Krieger-Dougherty model.
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Figure 9: Flow curves rrPET composites fitted by Herschel-Bulkley model.
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Figure 10: Viscoelastic behavior of polyester melts: Effects on dyeability and network microstructure
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Figure 11: A) TGA and B) DTG curves of rrPET and its FR composites under Na.
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Figure 12: XRD patterns for rrPET, CE040 and virgin PET samples.
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Table 5: Comparison of crystallization parameters (DSC/XRD) and its effects on dyeability and spin-ability

; . : %C %C

Sample Tq (°C) Tm(°C) | T (°C) (DSC) | (XRD) D (nm) Remark

V-PET 81.3 251 208 163 | 152 | 1887 | Lowecrystallinity, poordye

uptake

(PET 76.4 2505 | 207.6 | 334 | 354 g5 | Highcrystallinity, restricted dye
diffusion

CE040 768 | 2492 | 2036 | 2403 | 236 | 734 | Moderatecrystallinity, cross-

linked, low dye uptake

oz Meol ywl b SUI sbaiblv 50 (55,5, S 9 b i -F-Y

(eSS Gl s ) Dl (el () ds relS alex licwl o] jer 265 BB sla Il LITPET GUI (65,55,
Bk anl g Jeb yo ol Lele sloog )3 8 s 1 g (6 pends (sloo oy Ho (g kSl Ol 51 S50 Boee OS]
aleds 0aisS WS gl S0g33l 5 oulizMol gl owS gl (sl38lo sz 3l oolaiwl b g lisle SleMal dalllas oyl o aiius
olas GD.JG L3, 5 (KIS) ) plsionin] « K5y i 5.8 ‘_;‘)lij)‘ b oy 8650 PET G35, 0, 8lee b ol 485 S
W20 W)l (6 pKei jebay |, 8056 BL (65,5, cudS aulg oo diedon JeSUge Dlenas a5 aas o

1.8
16 A A
14 A
€12
= <y =3.2913x
£ 11 N R2=0.9973
c
2 0.8 -
s
[} 4
g 06 .
04 - A
02{ 47
O T T T T T
0 0.1 0.2 0.3 0.4 05 0.6
Concentration (mg/l)

S)lalnl sl Jslowe ;o K, chale 5 5,90 i o b adal) VY S
Figure 13: Linear relation between light absorption and dye concentration in standard solutions.
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Table 6: Operative dyeability indices for modified PET samples

Sample C: (mg/L) %Uptake K/S L* a* b*

V-PET 3.357 68.12% | 833 | 4946 | 5g42 | 2891

CE040 4.607 56.25% | TAT | 4581 | 5229 | 13.60
FRNCA4500 4.048 61.56% | 698 | 4oec | £g37 | 1784
FRNC4510 3.472 67.03% | 8.13

47.79 58.60 18.25
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Figure 14: Reflection curves for modified PET in visible range (390-740nm).
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Table 7: Summary of color fastness results for dyed rrPET fibers
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Sample Wash Rubbing fastness Light fastness (BW Perspirzfltion fastness
fastness (dry/wet) scale) (acid/alkali)
V-PET 4-5 4-5/34 4-5 4-5/4-5
CEO040 3-4 4/3-4 4 3-4/3-4
FRNC4500 3-4 4/2-3 4-5 3-4/3-4
FRNC4510 4-5 4-5/34 5-6 4-5/4-5
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