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Abstract

Due to the damage caused to human lives and financial losses, there is a global
concern about materials that offer greater fire resistance. This research inves-
tigated the action of the lammelar zirconium phosphate (ZrP) as flame retard-
ant (FR) when added in post-consumer poly(ethylene terephthalate) named
as rPET. ZrP was tested alone and in combination with aluminum hydroxide
[AlI(OH);] and sodium hypophosphite [NaPO,H,-H,O]. PET beverage bottles
were collected, washed, shredded as flakes and ground. Firstly, masterbatches
of rPET/FR (80/20 wt./wt.%) were processed in co-rotating twin-screw ex-
truder, processing window 120 - 260°C, at 300 rpm. The addition of each flame
retardant altered the domain distribution curve and relaxation time of rPET.
The presence of flame retardant did not modify the X-ray diffraction pattern
of rPET. Calorimetric data indicated that the flame retardants increased the
cooling crystallization temperature, while their effects on melting temperature
and degree of crystallization varied depending on the specific retardant sys-
tem. Rheology showed that storage and loss moduli varied with the kind of
flame retardant and that rPET changed the behavior from Newtonian to pseu-
doplastic. Finally, composites of rPET/masterbatch (75/25 wt./wt.%) were
processed in a mixing chamber, at 260°C, 60 rpm for 6 minutes. Compression
moulding specimen was prepared for flammability test. Field emission scan-
ning electron microscopy and energy dispersive spectroscopy revealed that
ZrP nanoparticles were better dispersed and distributed in the specimen
when compared to the microparticles of AI(OH); and NaPO,H,-H,O. ZrP
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showed the best dripping speed and flame extinguishing time.
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1. Introduction

Plastic products are indelibly rooted in modern society. However, most of them
are randomly discarded in nature, causing serious damage to the environment and
polluting terrestrial ecosystems, groundwater, and aquatic biomes. There is wide-
spread concern about preserving the planet [1]-[3]. Owing to the problems caused
by solid waste pollution and considering the enormous energy potential concen-
trated in the different types of discarded plastics, polymer recycling should be
considered an effective solution to minimize the environmental impact of plastic
disposal [4]-[8]. Whether applied as commodity plastic or engineering plastic,
polyethylene terephthalate (PET), along with polyolefins, is among the most
widely used plastics around the world [9]. In 2018, about 20 million tons of food-
grade PET bottles were manufactured, but only 845 thousand tons were recycled.
In the coming years, it is expected that around 3 million tons will be mechanically
recycled [10] [11]. Shirazimoghaddam et a/ studied the chemical recycling (de-
polymerization) of PET in the presence of a niobium catalyst. A high yield of
BHET (2-hydroxyethyl terephthalate) precursor and oligomers, considered suita-
ble for repolymerization, was obtained [12]. Giraldo-Narcizo ef al. experienced
the depolymerization of PET using alkaline pretreatment and temperature. The
process presented advantages such as higher yield than other technologies [13].
Pu et al. synthesized polyurethane elastomer using PET depolymerized from post-
consumer bottles as a chain extender. The authors noted the high transparency
and extensibility of the final product [14]. Ghosh et al published a study project-
ing the feasibility of recycling PET bottles for the period 2020-2049. In the study,
they emphasized that both chemical and secondary recycling (from selective col-
lection) should improve the circularity of PET bottles and reduce carbon foot-
prints, replacing the manufacture of virgin PET [15]. Lerna et a/ studied the effect
of recycled PET bottles as plastic aggregates on the improvement of concrete duc-
tility. Reduction of heat conduction capacity and limited decrease of compressive
strength were reported [16]. Roungpaisan et al. conducted a comparative study
on recycled filaments derived from PET bottles and PET knitted fabrics. The latter
produced a fiber with good formability and better melting spinning, along with
additional improvement of thermal and mechanical properties [17]. As a material
of fossil origin, plastics are potentially combustible materials. A survey carried out
in the USA and European Union revealed a high rate of deaths, injuries and sig-

nificant financial losses due to residential building fires. In this context, the addi-
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tion of flame retardants to plastic formulations is a way to prevent human and
financial losses [18]. Fire retardants have gained public interest for the last 30
years owing to their increased importance on personnel safety. Many flame-re-
tardant additives, such as halogen-based, phosphorus-based, metal oxides, and
mineral fillers have been used as a measure of fire retardancy plastics [19]-[22].
Aluminum hydroxide AI(OH); has been used in various sectors. Shi et al. investi-
gated a new flame retardant for poly(ethylene terephthalate) (PET) based on hy-
droxyethyl diphosphate modified with different particles sizes of aluminum hy-
droxide. The best result was attained by particle size of 10 um which was ascribed
to the combined effects namely decomposition of phosphoric acid and dehydra-
tion of AI(OH); [23]. Park et al highlighted the application of AI(OH); as flame
retardant for being environmentally friendly, free of acid and halogen [24]. Hy-
pophosphites have also been used as a potential flame retardant for polyerster.
Yang et al. reported that the addition of 10 wt.% of aluminum hypophosphite in
composites of polyethylene terephthalate/glass fiber attained high limited oxygen
index and V-0 classification in UL-94 test [25]. The synergistic effect of the mixing
of diethylzinc hypophosphite (ZDP) and nano-SiO, as flame retardant for PET
was investigated by Zheng and collaborators. The additivation of PET induced
classification V-0 for vertical combustible grade and increased its limiting oxygen
index from 21% to 30%. The nano-SiO, imputed better dripping behavior [26].
Composite of poly(butylene terephthalate)/ glass fiber was composed with rare
earth hypophosphite and melamine cyanurate as flame retardants. The authors
registered that the mixing induced slight decrease of the thermal stability, reduc-
tion in heat release rate and limiting oxygen index [27]. Assocition of maleic an-
hydride and sodium hypophosphite as flame retardant for cotton finishing was
evaluated by Wu and Yang. It was revealed that the treatment with this combina-
tion reduced the flammability of cotton fleece from the Class III to Class I and it
was considered low cost matter [28]. Considering the special properties—ion ex-
change capacity, ion intercalation, ionic conductivity, catalytic activity—of the
lammelar phosphates and the expertise of our research group in the synthesis and
new applications of zirconium and titanium phosphates [29] [30], the proposal of
this research was to evaluate the effectiveness of ZrP alone and in combination
with aluminum hydroxide and sodium hypophosphite as potential flame retard-

ant for post-consumer poly(ethylene terephthalate) (rPET).

2. Experimental

2.1. Material

Post-consumer bottles of poly(ethylene terephthalate) (rPET) from the Macro-
molecules Institute community were used. Zirconium phosphate, phosphoric
acid (HsPOy, 85 % wt./mL, Vetec), zirconium (IV) oxide chloride (ZrOCl,.8H,0,
Sigma-Aldrich), octadecylamine (Oct, Sigma-Aldrich) and absolute ethanol
(99 %) were purchased. Aluminum hydroxide [Al(OH)s, Isofar] and sodium hy-
pophosphite (NaPO,H,-H,O, Isofar) were acquired. All reagents were used as re-
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ceived.

2.2.Post-Consumer Bottles of Poly (Ethylene Terephthalate) (rPET)
Treatment

Post-consumer PET bottles were collected from the Macromolecules Institute
community. The labels were removed. The bottles were washed with water plus
light detergent, rinsed only with water and dried. Following, they were cut into

flakes and then ground.

2.3. Synthesis and Modification of Lammelar Zirconium
Phosphate (ZrP)

The lammelar ZrP was synthesized following its intercalation with octadecyla-
mine (Oct:ZrP, 2:1) as reported elsewhere [31]. The intercalation with octadecyl-

amine aimed at improving the dispersibility between ZrP and its counterparts.

2.4. Masterbatch, Composite and Flammability Specimen
Preparation

The following masterbatches were prepared: rPET/ZrP (80/20 wt./wt.%);

rPET/AI(OH)s/NaPO,H,-H,O (80/10/10 wt./wt./wt.%) and rPET/ZrPOct/Al(OH)s/
NaPO,H-H,O (80/10/5/5 wt./wt./wt./wt.%) and they were processed in a Teck Tril
co-rotating twin-screw extruder (L/D = 36, screw diameter = 22 mm), processing win-
dow 120 - 260°C, at 300 rpm. Samples were labelled as rPET, rPET/ZrP, rPET/
Al(OH)s/NaPO,H»-H,O and rPET/ZrPOct/Al(OH):;/NaPO,H,-H,O (Figure 1).
Composites of rPET/masterbatch (75/25 wt./wt.%) were processed in a Haake Rhe-
ocord 9000 torque rheometer at 260="C, 60 rpm for 6 minutes. The specimens for
flammability test were prepared by compression moulding in a Carver press at

260°C, 5,000 psi. Following, the specimens were cooled at 180°C C for 2 minutes

and finally cooled in a cooling plate, at 20°C, for 3 minutes. The specimens were
identified as FS1 (rPET), FS2 (rPET/ZrP)—represent 5 wt. % of ZrP-, FS3 (rPET/
Al(OH)3/NaPO,H,-H,O)—represent 2.5 wt. % for each one—and FS4
(rPET/ZrPOct/Al(OH)3/NaPO,H,-H,O)—represent 2.5 wt. % for ZrP, and singly
1.25 wt. % for A1(OH); and NaPO,H,-H,O.

Figure 1. Images of masterbatches after processing: (a) rPET, (b) rPET/ZrP, (c) rPET/AI(OH)3/NaPO,H,-H.O and (d) rPET/

ZrPOct/Al(OH)3/NaPO,H>-H:O.
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2.5. Fourier Transform Infrared Spectroscopy (FTIR)

The infrared analysis was performed in a Perkin Elmer Frontier model instru-
ment, covering the range from 4000 to 500 cm™, with 60 scans and a resolution of

4 cm™, using KBr disk.

2.6. Raman Spectroscopy

The Raman spectroscopy was performed using a Raman Microscope equipped
with a laser, at a wavelength of 532 nm and a 50x lens, in the range of 4000-200
cm™. The vibrational modes were evaluated.

2.7. Time-Domain Hydrogen Nuclear Magnetic Resonance
(TDHNMR)

Time domain hydrogen nuclear magnetic resonance was accomplished in a Ma-
ran Ultra 23 equipment with hydrogen nucleus pulse sequence, equipped with a
probe of 18 mm, operating at a frequency of 23 MHz, at 30°C. The domain distri-

bution curve was acquired, and the relaxation time was determined.

2.8. Wide Angle X-Ray Diffraction (WAXD)

The crystallographic aspect of each sample was monitored in a Rigaku Ultima IV
diffractometer with CuKa radiation (A = 1.5418 A), 40 kV, 20 mA, a step of 0.05,
ranging the 20 angle from 2° to 50°.

2.9. Thermogravimetry (TGA)

In TA equipment model Q500 the TGA analysis was performed at a range of 30-
700°C, at 10°C-min™" and nitrogen as carrying gas. Mass loss and derivative curves

were assessed. The degradation temperature was evaluated.

2.10. Differential Scanning Calorimetry (DSC)

The calorimetry tests were performed in DSC1 STARe SYSTEM following the rec-
ommendations specified by ASTM D3418 [32]. Three cycles were conducted:
firstly, heating from 30 to 280°C at a rate of 10°C /min, followed by cooling from
280 to 30°C at the same rate, and finally, another heating cycle identical to the
first. For each sample, the crystallization (T.) and melting (Tr) temperatures were
pointed out, as well as the degree of crystallization (X.) determined through the
ratio of PET experimental melting enthalpy (AHmple) and the 100% crystalline
PET (AH;e;, 130 J-g™"), considering Xc = (AHmple / AHet ) - (1 — @), where ® is the
filler weight fraction in each composite [33].

2.11. Rheology

The parallel plate rheology was conducted in TA rheometer, model AR-2000, with
a geometry of 25 mm diameter, at 260°C, strain amplitude of 107, from 10~ to 10°
rad/s. The complex moduli (storage and loss) and complex viscosity were deter-

mined.
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2.12. Field Emission Scanning Electron Microscopy (FESEM) and
Energy Dispersive Spectroscopy (EDS)

Flammability specimens were evaluated by field emission scanning electron mi-
croscopy and energy dispersive spectroscopy analysis. A Tescan FESEM model
MIRA 4 LMU (LowVac Mode UniVac™) equipment accoupled with an EDS de-
tector (30 mm? Si;N, window, resolution lower than 129 eV, MnKa emission line)
enabled the viewing of the dispersion and distribution of main elements (zirco-

nium, aluminum, sodium) in each type of flame retardant.

2.13. Flammability Tests

The flammability test was performed following the ASTM D635-22 [34] using a
Bunsen burner and propane/butane gas mixture. Dripping speed, flame extin-
guishing time, and ignition time were assessed, with the average and standard de-
viation calculated from three measurements. The whole test was registered by

video.

3. Results and Discussion
3.1. Infrared Spectroscopy

Figure 2 shows the infrared spectra of the flame retardants in different spectral
regions. The ZrP presented absorptions at 3594 and 3509 cm™ (P-O-H and water
hydrogen bond); 3151 cm™ (O-H axial stretching of water hydrogen bond); 1619
cm' (water hydrogen bond at crystalline lattice); 1250, 1049 and 967 cm™ ( PO~
stretching); 594 and 532 cm™ (P-O of PO}~ asymmetric bending) in agreement
with several works [31] [35] [36]. The Al(OH)s/NaPO,H,-H,O displayed absorp-
tions at 3439 cm™ (O-H stretching of hydrogen bonds); 2346 cm™ (P-H stretch-
ing), 1644 cm™ (H-O-H bending); 1582 cm™ (Al-OHs); 1173 cm™ (P-H scissor
bending); 1089 cm™ (P-H wag bending); 1045 cm™ (P-O, symmetric stretching);
955 cm™ (O-H stretching); 817 cm™ (P-H rocking motion, asymmetric stretch-
ing); 690 cm™ (Al-O skeleton vibrations); 545 cm™ (Al-O-H-Al translational vi-
brations) and 478 cm™ (P-O; scissor bending) in agreement with several authors
[37]-[45]. The ZrPOct/Al(OH)3s/NaPO,H,-H,O displayed bands at 3427 cm™ (O-
H stretching); 2959; 2919 and 2851 cm™ (C-H of CHj stretching); 2353 cm™ (P-
H stretching); 1641 cm™ (O-H hydrogen bonding, stretching); 1584 cm™
(AIOH;); 1469 cm™ (N-H of NH; vibration, octadecylamine); 1397 cm™ (Al-
OHa); 1164 cm™ (P-H scissoring); 1089, 1042 cm™ (P-O; asymmetric stretching)
and 975 cm™ (P-O-H symmetric stretching); 819 cm™ (P-H rocking motion,
asymmetric stretching); 721 cm™ (CH, vibration of octadecylamine) and 545 cm™
((P-Os) asymmetric and Al-O-H-Al translational vibrations). Although in equiv-
alent amounts, the spectra of the combination of the three flame retardants indi-
cated that all spectral regions are dominated by the absorptions of AI(OH),/
NaPO,H,-H,O. Table 1 highlights the samples along with the main absorptions of
each flame retardant, as well as the studies that support the attributions mentioned
herein. Figure 3 displays the spectra of rPET and masterbatches at various spectral
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regions. The rPET displayed bands at 3435 (O-H end groups stretching); 3104
(water O-H stretching); 3081 (ring C-H stretching); 2964 and 2917 (aliphatic C-
H stretching); 2629 (O-H stretching; C=0O carbonyl group); 2532 (C=C stretch-
ing); 2386 and 2286 (H-C=C and carbonyl stretching); 2102 (C=C stretching);
1952 (C=0 stretching); 1719 (C=0 ester stretching); 1637 and 1615 (aromatic C-
C bending); 1579 and 1505 (C=C stretching); 1456 and 1,410 (aromatic skeletal
stretching); 1372 and 1342 (-CH, gauche wagging and -CH, trans wagging); 1244
(O=C-0 asymmetric stretching); 1175 (C-O-C stretching); 1098 (C-O symmetric
stretching); 1043 (C-O vibration); 1017 (aromatic C-H in plane bending); 972 (O-
CH, stretching); 873 (aromatic C-H stretching); 794 (aromatic C-H bending); 725

and 632 cm™ (aromatic C-H out of plane stretching)

ZrP —— AI(OH),/NaPO H, H,0 ZrPOct/Al(OH),/NaPO,H, H,0

Transmitance (a.u.)
Transmitance (a.u.)

T T T T T T T T 1 T T T T T T T T 1
4000 3750 3500 3250 3000 3000 2750 2500 2250 2000
Wavenumber (cm’l) Wavenumber (cm'l)

&l

Transmitance (a.u.)
Transmitance (a.u.)

I T T T 1 I ' T T T K
2000 1750 1500 1250 1000 1000 800 600 400
Wavenumber (cm'l) Wavenumber (cm")

Figure 2. Spectra of flame retardants at different spectral regions.
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Figure 3. Spectra of rPET and masterbatches at different spectral regions.

Table 1. Summary of samples and absorptions.

Sample Absorption/cm™! Reference
ZrP 3594; 3509; 3151; 1619; 1049; 967; 594; 532 [30] [35]
Al(OH)3/NaPO.H»-H,O 3439; 2346; 1644; 1582; 1498; 1173; 1089; 1045; 955; 817; 690; 545; 478 [36]-[42] [44]
3427;2959; 2919; 2851; 2353; 1641; 1584; 1469; 1397; 1164; 1089; 1042; 30] [35]-[42
ZrPOct/Al(OH)3/NaPO,H,-H.O [30] [35]-[42]
975; 819; 721; 545 [44]

[46]-[48]. Absorptions of rPET/ZrP were assigned at 3595; 3510; 3431; 2965; 2909;
2629; 2532; 2386; 2286; 2106; 1722; 1615; 1579; 1505; 1456; 1410; 1372; 1342; 1244;
1098; 1042; 1016; 966; 872; 792; 726 cm™'. rPET/Al(OH)3/NaPO,H,-H,O absorp-
tions were registered at 3435; 2964; 2908; 2379; 2347; 2313; 2109; 1960; 1719; 1615;
1579; 1505; 1455; 1411; 1373; 1344; 1241; 1173; 1120; 1098; 1042; 1017; 972; 898;
873; 845; 793; 662; 631 cm™'. The rPET/ZrPOct/Al(OH)3;/NaPO,H,-H,O absorp-
tions appeared at 3420; 2963; 2922; 2855; 2381; 2110; 1960; 1719; 1640; 1618; 1579;
1554; 1505; 1456; 1410; 1373; 1344; 1262; 1244; 1172; 11205 1095; 1043; 1017; 972;
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898; 872; 843; 794; 725; 631 cm™'. A more careful observation of the masterbatches’
spectra showed that in each spectral region, their contour closely resembles that
of rPET, although some specific flame retardant absorptions can be visualized. In
summary, no significant changes were observed in the spectra, indicating the ab-

sence of chemical interaction between the components.

3.2. Raman Spectroscopy

Figure 4 depicts Raman spectra of flame retardants. The ZrP disclosed Raman shift
at 3509 cm™ (H-O-H stretching); 3135 cm™ (P-O-H stretching); 1622 and 1616
cm™ (O-H stretching water at crystalline lattice), 1071 and 1037 cm™ (orthophos-
phate group) and 962 cm™ (pyrophosphate group) as published by He and collab-
orators [49]. The AI(OH)3/NaPO,H,-H,O showed Raman shift at 3421 cm™ (O-H
stretching); 2355 cm™ (P-H symmetric stretching); 1159 cm™ (P-H scissor); 1072
cm™' (P-H wagging); 1055 cm™ (Al-O-H symmetric and asymmetric stretching);
928 cm™ (P-H twisting); 649 cm™ (Al cluster vibration); 551 cm™ (Al-O-Al defor-
mation) as registered by Frost ef al [40] and Tsuboi and collaborators [50]. The
ZrPOct/Al(OH)3;/NaPO,H,-H,O exhibited Raman shift at 2880 and 2847 cm™ (C-
H symmetric stretching of CH; and CH, in octadecylamine); 2355 and 2329 cm™
(P-H symmetric and asymmetric stretching); 1295 cm™ (tetrahedral PO4 symmet-
ric stretching); 1169 cm™ (P-H scissoring); 1128 cm! (C-Hj stretching); 1098 cm™
(P-H wagging); 1073 cm™ (P-O, symmetric stretching); 1062 cm™ (tetrahedral P-
O, symmetric stretching); 1002 (P-O, symmetric stretching); 929 cm™ (P-H twist-
ing); 825 cm™ (P-H rocking); 473 cm™ (P-O, scissoring) and 426 cm™ (PO, tor-
sional vibration ) in agreement with Xavier and Nayar [40] and by Darkhalil and
collaborators [51]. Figure 5 shows the Raman spectra of rPET and masterbatches.
A significant rPET Raman shift can be noticed at 3083 cm™ (aromatic C-H stretch-
ing); 2966 cm™ (C-H stretching of glycol CH,); 1726 cm™ (C=O stretching); 1614
cm™ (aromatic C=C stretching); 1451 cm™ (C-H deformation); 1412 cm™ (aro-
matic C-C stretching); 1371 cm™ (C-H, wagging); 1288 cm™ (aromatic C-C
stretching and C-O stretching); 1177 cm™ (aromatic C-H in plane bending); 1118
cm™ (aromatic C-C stretching and C-O stretching); 1098 cm™ (C-O-C asymmetric
stretching); 1001 cm™ (C-C stretching); 858 cm™ (aromatic C-C stretching and C-
O stretching); 794 cm™ (aromatic CH out of plane bending); 703 cm™ (aromatic C-
C stretching); 632 cm™! (aromatic C-C=C in plane bending) and 276 cm ™ (aromatic
C-C stretching and C-C=C bending) in agreement with Bistricic et al [52], Zhu et
al. [53] and Peifialver and collaborators [54]. Regarding the rPET/ZrP, the Raman
shifts at 3082; 2965; 1727; 1615; 1445; 1410; 1290; 1183; 1092; 1000; 857; 794; 701;
631 and 280 cm™ were associated to rPET, while vibrational mode at 1054 cm™
coupled with 1071 and 1037 cm™ were attributed to ZrP vibrations. The vibrational
modes of rPET/AI(OH);/NaPO,H,-H,O at 3082; 2964; 2907; 1727; 1615; 1463;
1414; 1375; 1290; 1183; 1117; 1095; 1000; 858; 795; 702; 632 and 278 cm™ were
assigned to rPET. For rPET/ZrPOct/Al(OH)3/NaPO,H,-H,O at 3082; 2966; 2909;
17265 1614; 1458; 1414; 1377; 1289; 1177; 1116; 1095; 1002; 857; 794; 702; 632 and
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277 cm™ were associated to rPET. Herein, no chemical interaction was observed in
the mixing of three flame retardants. Additionally, the spectra of the composites in
any spectral region closely resemble those of rPET. The results are consistent with

those obtained from FTIR analysis.

3.3. Time-Domain Hydrogen Nuclear Magnetic Resonance
(TDHNMR)

Domain distribution curves are shown in Figure 6. Two relaxation regions with
high (below 5 x 10° ms) and low (between 450 — 1250 x 10° ms) molecular mobility
are observed in pure rPET. With the addition of ZrP, the high mobility region of
rPET shifts to higher relaxation times, showing increased intensity, and a new re-
gion emerges between 50 - 60 x 10° ms. The domain at higher relaxation time
showed no change. A similar behavior was observed when the
Al(OH);/NaPO,H,-H,O was added.

Domains with higher molecular mobility exhibited shorter relaxation times
compared to those for ZrP. On the contrary, the domain with lower molecular
mobility was enlarged and shifted to higher relaxation times. Also, the ZrPOct/
Al(OH)3/NaPO,H>-H,O showed a tendency towards lower relaxation times, alt-
hough the decrease was less pronounced than in the two previous cases. No

change was noticed for the domain with higher relaxation times. Xerogels of

ZtPOct/Al(OH),/NaPO,H, H,0

Al(OH),/NaPO,H, H,0

hoa,

ZrP

T T T T 1 | B —
3500 3000 2500 2000 1500 1000 500
Raman Shift

Raman Intensity (a.u.)

Figure 4. Raman spectra of flame retardants.
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Figure 6. Domain distribution curves of the rPET and masterbatches.

poly (vinyl alcohol) (PVA) filled with silica nanoparticle (SiO,) were studied by
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15.1°

Rodrigues and collaborators. Through time domain nuclear magnetic resonance,
it was noticed that SiO, altered the PVA molecular mobility although there was
not chemical interaction between them [55]. In general, all flame retardants
showed some effect on the molecular mobility of rPET. It was assumed that the
shift of the relaxation time and the enlargement of domains could be associated
with the dispersion and distribution of flame retardants within the two relaxation

regions of rPET.

3.4. X-Ray Diffraction

Figure 7 displays the diffraction pattern of the flame retardants. The ZrP showed
diffraction angles at 12.3 (4] plane), 20.4, 25.6, 34.6, 38 and 48.6°, as reported by
Mendes and collaborators [31]. The main Al(OH); diffraction angles at 14.5-15.7
(020)*, 18.9 (002)**, 20.6 (200)**, 28.2 (120)*, 32.2, 38.3 (031)*, 40.7 and 49" (200)*
are representative of the mixing of its crystalline forms—boehmite (orthorhombic)*
and gibbsite (monoclinic)**, as reported by Bian and co-authors [37]. The
NaPO,H,-H,O showed the main diffraction angles at 11, 14.5, 15.2, 27.2, 28.7,

25°  29° 7tPOct/AI(OH) /NaPO,H, H O

11.7°
. 49.4°
18.8° Al(OH) /NaPO_H, H,0
47.5°
s
=
< 31.8°
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Figure 7. Diffraction pattern of the flame retardants.
DOI: 10.4236/msa.2025.168026 464 Materials Sciences and Applications


https://doi.org/10.4236/msa.2025.168026

G. A. V. Albitres et al.

100

1007 24.9° [——PET/Z1P]

80 80

= 19.8
= 60+ S 604

< & 199
g 2
= z 34°
= 404 2 404
= =

20 20

0 T T T T T T T 1 0 T T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50
2 theta (°) 2 theta (°)
100 — ‘ rPET/AI(OH),NaPO,H, HO| 100 - 25.8° | tPET/ZrPOct/Al(OH),/NaPO,H, H,0

80 80
3 g0 S 60
s 60 s 60
2z z
w w
5] =
2 40 2
E 40 E 404

20 20 1

0 T T T T T T T 1 0 T T T T T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50
2 theta (°) 2 theta (°)

Figure 8. Diffraction pattern of the rPET and masterbatches.

30.4, 31.7, 34.9, 41.7 and 47.3°, which are attributed to different crystalline
planes [52]. The AI(OH)s/NaPO,H,-H,O diffraction angles appeared at 16.1,
18.8%, 21.6, 25.4, 26.2, 28.7**, 31.8%, 34.5*%, 39.2, 43.8%, 46*, 47.5** and 49.1".
The ZrPOct/Al(OH);/NaPO,H,-H,O diffraction angles appeared at 4, 5.6, 7.5,
9.3, 10.7%, 11.7%, 14.7, 15.1*, 21.6*, 22.1*, 23%*, 24%, 25%, 26%, 27.3, 29%, 29.6, 30,
31, 33, 34%, 35, 36*%, 36.5%*, 37**, 39%*, 41%*, 42%, 45%, 46*, 47* and 49.4°*. The
diffraction peaks below 10° could be attributed to the intercalation in ZrPOct.
The diffraction peaks (*) and (**) were attributed to aluminum hydroxide and
sodium hypophosphite, respectively. Figure 8 presents the X-ray diffractions of
rPET and masterbatches. The rPET showed two amorphous halos around 23
and 44°. This could be attributed to the effect of quenching during the extrusion
process, as described by Albitres et al in an article on poly(ethylene tereph-
thalate) with nano-titanium phosphate nanocomposites [46]. In addition to the
amorphous halo of rPET, the main diffraction angles of ZrP are highlighted in
the rPET/ZrP diffractogram [56]. X-ray diffraction patterns of

rPET/AI(OH);/NaPO,H,-H,O and PET/ZrPOct/ Al(OH)s/NaPO,H,-H,O pre-

DOI: 10.4236/msa.2025.168026

465 Materials Sciences and Applications


https://doi.org/10.4236/msa.2025.168026

G. A. V. Albitres et al.

sented a similar profile. The diffractogram showed the amorphous halo of rPET
and some diffraction angles of the flame retardants. Similar to FTIR results, by
X-ray diffraction the mixing of flame retardant did not reveal apparent chemical

interaction among them.

3.5. Thermogravimetry

Figure 9 exhibited the mass loss and derivative curves of the rPET and mas-
terbatches. The rPET and rPET/ZrP curves exhibited only one decay while rPET/
Al(OH);/NaPO,H,-H,O and rPET/ZrPOct/Al(OH):/NaPO,H,.H,O two ones.
Although the mass loss and derivatives curves showed very slight fluctuation in
the range of 200°C until Tonser, both curves showed quasi imperceptible variations
at the same range. The difference of the residues was associated to the flame re-
tardants. Table 2 condensed the values of Tonet and Tiax and residue of each sam-
ple. Liu et al investigated the disproportionation of sodium hypophosphite by
thermogravimetry [57]. They detected three degradation steps around 310°C
(12.6%), 370°C (3.5%) and 430°C (0.5%). Qin et al. studied the action of alumi-
num hydroxide on mechanical properties, flame retardancy and combustion be-
havior of polypropylene [58]. Thermogravimetry indicated that under nitrogen
atmosphere its degradation process occurred at only one step around 230°C -
350°C releasing water and generating ALOs. While the onset of degradation was
largely unaffected, the retardants did influence the degradation pathway, as evi-
denced by the significant increase in final residue, a key mechanism of flame re-

tardancy.

3.6. Differential Scanning Calorimetry (DSC)

Figure 10 highlights the three thermal cycles of each sample. For rPET, in the first
heating, the glass transition temperature (T = 67°C), the heating crystallization tem-
perature (Ta, = 118°C) and the melting temperature (T, = 249°C) were observed.
The cooling cycle showed the cooling crystallization temperature (T. = 214°C). The
last heating cycle presented a melting peak split into two maxima, with T, = 240 and
249°C. The rPET/ZrP exhibited two melting peaks (T, = 245 and 250°C) at the first
heating cycle. When cooling, the crystallization temperature was observed at T =
213 °C. Three melting peaks (T, = 216, 238 and 248°C) were noticed in the final
heating cycle. For the rPET/Al(OH)s/NaPO,H,H,O, a T, at 249°C was registered
during the first heating cycle. The T at 217°C appeared in the cooling cycle. The
final heating revealed a T\, at 242°C. The rPET/ZrPOct/Al(OH)s/NaPO,H,-H,O pre-
sented a Ty = 97°C and a Ty, = 249°C in the first heating. After cooling, a T.. was
registered at 216°C. The final heating revealed a Ty, at 242°C. Table 3 summarises
the calorimetric data. The rPET/ZrP presented cold crystallization temperature (T.)
and crystallization degree (X.) like rPET. For rPET/AI(OH)s/NaPO,H,-H,O and
rPET/ZrPOct/Al(OH)3/NaPO,H,-HO, a slight increase in T.. and decrease of crys-
tallization degree were observed probably due to the difficulty of the rPET chains to

drive towards the crystallization centers.
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Figure 9. Mass loss and derivative curves of rPET and masterbatches.
Table 2. Thermogravimetric properties of rPET and masterbatches.
Sample Tonset/°"C Tmax/°C  Resdidue/%
rPET 405 432 13
rPET/ZrP 408 436 15
rPET/AI(OH):/NaPO,H»H,O 406 430 14
rPET/ZrPOct/Al(OH)3/NaPO.H,-H.O 406 430 18
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Figure 10. Calorimetric curves of rPET and masterbatches.

Table 3. Samples’ Te, Tm and Xe.

Sample Te°C Tw'/°C X/%

rPET 214 240/249 39

rPET/ZrP 213 216/238/248 38
rPET/AI(OH)3/NaPO,H,-H;O 217 242 30
tPET/ZrPOct/Al(OH):/NaPO,H,.H,O 216 242 33

*second heating cycle.

3.7. Rheology

Figure 11 presents the storage (G’) and loss (G”’) moduli and complex viscosity
(n*) of the rPET and masterbatches. Bellow 4 x 10° rad s™', rPET/ZrP showed a
quasi-linear behavior with frequency. Above this frequency, an increasing trend
was observed, although the values remained lower than those of rPET. The G’ for
rPET/Al(OH)3/NaPO,H,-H,O and rPET/ZrPOct/Al(OH);/NaPO,H,-H,O ZrP
showed a quasi-linear behavior with frequency, showing values higher than
rPET up to 7.5 x 10* rad s™. Beyond this frequency, the linear behavior contin-
ued but with lower values. In some range of frequency, a slight stiffening can be
observed, promoted by the addition of flame retardants. The G” curves of rPET
and rPET/ZrP exhibited similar behavior, but lower values were registered for the
masterbatch. Around 10° rad s7!, the G” curves of rPET/AI(OH)s/NaPO,H,-H,O
and PET/ZrPOct/Al(OH);/NaPO,H,-H,O tended to linear behavior, with G” val-
ues slightly higher than those of rPET. Above this frequency, a continuous in-
crease was noticed, but the values remained lower than those of rPET. Regarding
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complex viscosity, rPET showed Newtonian behavior within the investigated fre-
quency range. The rPET/ZrP exhibited pseudoplastic (shear thinning) behavior,
showing the lowest viscosity values. The rPET/Al(OH)s/NaPO,H,.H,O and PET/
ZrPOct/Al(OH)s/NaPO,H,.H,O complex viscosity curves also showed pseudo-
plastic (shear thinning) behavior. Around 10' rad s, the complex viscosity of
those samples exhibited different values. Below this frequency, the values were
higher than those of rPET, while above it, lower values were registered. Chow-
reddy et al studied the effect of modified montmorillonite (Cloisite 10A) on the
rheological, thermal and mechanical properties of recycled PET. The authors
pointed out the dependence of complex viscosity on filler content. Increments in
storage and loss moduli were registered from 2 wt.% of filler [59]. Freitas et al
investigated the effect of zirconium phosphate (ZrP—1, 2 and 3 wt.%) incorpo-
rated into polyamide-6 (PA-6). It was noticed that at the highest ZrP content, the
complex viscosity decreased, which was attributed to polymer/polymer and

filler/filler interactions [60]. Figure 12 displays the crossover point of the samples.
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Figure 11. G’, G” and complex viscosity curves of rPET and matserbatches.
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Figure 12. Cross over point of the samples.
Table 4. Crossover point: G’/G’ and frequency.
Sample G”/G’  ang frequency x10%*rad s™!
rPET - -
1.08 0.08
rPET/ZrP
0.99 8.5
rPET/AI(OH)3/NaPO,H,.H.O
1.02 2.1
tPET/ZrPOct/Al(OH):/NaPO,H,. H,O 1.03 3.4

The rPET did not present a crossover point within the studied range. The
rPET/ZrP presented two crossover points: one around 10' rad/s and another in
the vicinity of 10° rad s™'. The rPET/Al(OH)i/NaPO,H,.H,O and PET/ZrPOct/
Al(OH)3/NaPO,H,.H,0 showed crossover points between 10* - 10’ rad s™*. In gen-
eral, when G’ was higher than G”, the samples showed solid-like behavior, but
when G’ < G”, liquid-like behavior prevailed. Exceptionally, rPET/ZrP seemed to
have a second crossover point at a higher frequency, where elastic behavior pre-
dominated. Table 4 summarizes the values of the crossover point (G”/G’) and

frequency of the samples. Simon-Stoger ef al examined poly(ethylene tereph-
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thalate) waste streams, including selective income (SI), sorting residue (SR), and
refuse-derived fuel (RDF) contaminated with organics, to assess the quality of
PET waste [61]. Oscillatory rheology was carried out in combination with other
analyses. The authors associated the crossover point to each PET waste stream
and molecular weight distribution. In summary, they concluded that flame retard-
ants exert a substantial influence on the samples’ G’, G”, complex viscosity, and
crossover point. The rPET/AI(OH);/NaPO,H,.H,O and PET/ZrPOct/Al(OH);/
NaPO,H:.H,O presented similar behaviors, while for rPET/ZrP behaved differ-
ently, probably owing to its nanometric dimension. The rheological behavior of
the samples is believed to be influenced by the particle dimensions of the flame

retardants and the two relaxation regions of rPET.

3.8. Fesem/Eds

Figure 13(a) shows the FESEM/EDS images of the transversal section of the flam-
mability specimen divided into bottom, intermediate, and top portions. For all
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Figure 13. FESEM and EDS of (a) specimen transversal section, (b) FS2, (c) FS3 and (d) FS4.
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composites, Figure 13(b)-(d) reveal the dispersibility and distribution of the
flame retardants within all composites. The left column corresponds to the
FESEM image of each specimen from bottom to top. The right columns indicate
the dispersibility and distribution of Zr, Al and Na in each composite.

Figure 13(b) (FS2) showed well-dispersed and distributed ZrP particles across
the bottom, intermediate, and top regions of the flammability specimen’s trans-
verse surface. Figure 13(c) (FS3) disclosed the dispersibility and distribution of
Al and Na. Both aluminum hydroxide and sodium hypophosphite exhibited poor
dispersion and distribution across the bottom, intermediate, and top regions. Fig-
ure 13(d) (FS4) once again demonstrated that ZrPOct was highly dispersed and
distributed. The ZrP seemed to have improved the dispersion and distribution of
aluminum hydroxide and sodium hypophosphite, but it was still inadequate. The
results reflected the influence of the flame retardants’ particle size on their disper-

sion and distribution within rPET matrix.

3.9. Flammability

Figure 14 depicts the monitoring of the flammability test. From left to right, it
shows the burning of the specimen and the dropping of molten material onto the
bottom platform. For FS1 (rPET), the specimen burned continuously. The falling
drop sustained the flame, and even upon reaching the platform, the flame persisted.
For FS2 (rPET/ZrP), immediately after the drop fell, the flame on the specimen
extinguished. The drop maintained the flame for a certain time during its fall, but
it extinguished before reaching the platform. Specimen FS3 (rPET/AI(OH)s/
NaPO,H,.H,0) behaved similarly to FS1. The specimen burned continuously. The
falling drop kept the flame and even after reaching the platform the flame persisted.
Although there was some similarity in behavior with the FS3, the FS4
(rPET/ZrPOct/Al(OH)3/NaPO,H,.H,0) showed a tendency toward flame extinc-
tion even upon reaching the platform. Figure 15 presents the images of each spec-
imen after the completion of the flammability test. The images represent, from left
to right, the right side view, bottom side view, and left side view, respectively. For
all samples, there was no significant warping of the specimens during the test, only
a protuberance formed at the bottom of the specimen due to the polymer melting.
Wang et al investigated the action of zirconium aminotrimethylene phosphonate
(ZrATMP) in the flame retardancy of epoxy resin (EP), registering a significant
increase in the char residue. They pointed out that the improvement of flame re-
tardancy and smoke suppression was attributed to the formation of a dense char
layer. This char layer acted as a physical barrier, heat insulation, mass exchange
and suppressed combustion reactions [62]. Table 5 discloses dripping speed (drops
5s'), flame extinguished time and ignition time of the samples. The sequence for
dripping speed and flame extinguishment time is as follows: rPET,
rPET/AI(OH)s/NaPO,H,.H,0, rPET/ZrPOct/Al(OH)s/NaPO,H,.H,O, rPET/ZrP.
For ignition time, the sequence is rPET/ZrPOct/Al(OH)s/NaPO,H,.H.O, rPET,
rPET/AI(OH);/NaPO,H,.H,O, rPET/ZrP. Lessan et al. studied the combination of
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FS1

FS4
Figure 14. Monitoring of flammability test for rPET (FS1) and composites (FS2, FS3 and FS4).
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(b)

Figure 15. FS appearance after flammability test: (a) FS1, (b) FS2, (c) FS3 and (d) FS4; from left to right: right side view; bottom
side view and left side view.

Table 5. Flammability data for rPET and composites.

Sample Dripping speed/drops 55!  Flame extinguished time/s Ignition time/s

FS1 4.7+0.6 20.16 + 0.35 1225 +1.17
FS2 1.0x0 0.78 +0.40 10.77 £ 1.86
FS3 4.0%0 10.49 + 2.49 11.82 +2.82
FS4 25%0.7 6.94 +2.24 13.50 + 2.00

sodium hypophosphite (SHP), maleic acid (MA), triethanol amine (TEA) and
nano TiO; as flame retardant. Authors registered that the presence of 5% SHP in-
creased the limit oxygen index from 18.6 to 23 [63]. Goudarzia et al. prepared a
composite based on poly(vinyl alcohol) with nano-aluminum hydroxide. UL-94
flammability test indicated high flame resistance (V-0). They concluded that the
dispersion of the nano-aluminum hydroxide causes some obstruction decreasing
the emission of the volatilization product and the thermal transport among poly-
mer decomposition [64]. The results emphasized how the particle size of flame re-
tardants influenced their dispersion and distribution within the rPET matrix. The

best findings were shown for ZrP nanoparticles.

4., Conclusion

Post-consumer PET (rPET) from beverage bottles was filled with three different

inorganic matters and structural, crystallographic, termal, relaxometry and flam-
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mability evaluations were performed. Analysis of the chemical structure did not
indicate any chemical interactions among the components. According to NMR,
FESEM/EDS, rheology, and flammability tests, the dimension of the flame retard-
ants—nanometric or micrometric—was a crucial factor in their dispersion and
distribution inside the rPET matrix. Considering the parameters studied here, the
values of dripping speed, flame extinguishment time, and ignition time were par-

ticularly relevant for ZrP nanoparticles.
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