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ABSTRACT:  

Combustion and thermo-oxidative properties of polyamide 6 (PA6)/montmorillonite (MMT) clay 

nanocomposites are studied with emphasis on the catalytic role of metal ions (Mg2+, Al3+ and 

Fe3+) present in MMT. Each metal ion uniquely influences condensed phase reactions 

(mechanism and/or kinetics) depending on its concentration in metal ion exchanged MMT, its 

ability to form metal-organic complexes, and confinement effect as determined by eventual 

dispersion of MMT in the matrix. Presence of Al3+ accelerated kinetics of PA6 decomposition 

during initial stages, Mg2+ rich composite displayed good thermo-oxidation stability and char 

yield, and Fe3+ prominently altered the chemical composition of condensed phase ultimately 

producing highest amount of smoke. Possible PA6 decomposition reaction mechanisms have 

been identified that are susceptible to metal ion catalysis in the presence of oxygen. These results 

provide important progress towards the understanding of widely reported yet poorly understood 

phenomena of catalyzing effect of clay during the combustion of polymer. The results are a 
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definite step towards the realization of stand-alone clay based nanocomposites with superior fire 

retardancy. 

KEYWORDS: catalysis, thermo-oxidation, combustion, polyamide 6, montmorillonite, 

mechanism 
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1. Introduction 

During combustion, polymer/clay nanocomposites show low heat release rates (HRR) even at 

reduced clay loading levels. However, poor ignition resistance is restricting their potential as a 

standalone flame retardant [1,2]. Though a number of physio-chemical theories have been 

proposed to elucidate their ignition characteristics [3-13], there still remain a missing 

mechanistic link that can decisively associate early ignition to a structural aspect of clays. Clay 

activated catalyzation demonstrated by Fina et al. [13] emphasized the chemical reactivity of 

clays lead to critical fuel concentration quickly with lower thickness of surface material 

contributing to fuel production. Another important contribution to this facet came from Carvalho 

et al. [14]. They provided preliminary experimental evidence of, otherwise widely theorized, 

radical trapping effect by Fe3+ from clay and its influence on polymer decomposition. This 

highlighted the fact that clay layers can alter combustion chemistry of polymer/clay 

nanocomposites in addition to the well-known physical barrier effect. However, there are various 

structural aspects of clay that are needed to be considered to understand source and nature of a 

mailto:aravind@ntu.edu.sg
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Fig. 1. (A) Structure of PA6-metallo complex depending on metal ion [15-17] (B) Tautomer for 

metal ion-amide linkage [20]. (Single column fitting image) 

 

 

Fig. 2. Potential coordination complexes at organo-clay interface between metal ion and 

carbonyl compounds generated during PA6 thermo-oxidation. (Single column fitting image) 
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It is widely accepted that PA6 follows peroxy-based decomposition mechanism under 

thermo-oxidative conditions generating reactive alkoxy- and peroxy- moieties during initial 

stages of decomposition. Metal ions can accelerate the generation of these intermediate reactive 

moieties, and also influence oxidative stability of the char (depending on their redox potential, 

concentration and chelation) [19,23-25]. We found this to be valid as significantly varying 

effects for different metal ion exchanged clays, depending on principle metal ion (Mg2+, Al3+ or 

Fe3+), were observed on decomposition onset of organic modifier and oxidative stability of 

carbonaceous matter [26]. Each metal ion enriched clay exhibited unique Brønsted acidity and 

Lewis acidity, which subsequently altered decomposition mechanism of organic modifier. In the 

following work, we incorporated these metal ion (Mg2+, Al3+ and Fe3+) enriched clays in PA6 to 

investigate their effect on different decomposition stages of PA6 under thermo-oxidative 

conditions. 

   

2. Experimental 

2.1 Materials and synthesis procedure 

Ultramid B3S (trade name of PA6) was supplied by BASF, Singapore. It has a melting point 

of 220 oC and a V-2 rating in UL94 (vertical burning test) at 1.6 mm thickness. Prior to melt 

compounding, PA6 was dried at 90 oC for 24 hours in a convection oven. Sodium MMT, 

commercially known as Cloisite Na+, was procured from BYK-Chemie GmbH. Cloisite Na+ has 

a mean formula unit of Na0.65[Al,Fe]4Si8O20(OH)2 and cation exchange capacity, CEC, of 92 

meq/100 g. Preparation of metal ion exchange clays (MI-clays) and organically modified MI-

clays (OMI-clays) using hexadecyltrimethylammonium ion is reported earlier [26].  









9 
 

  

  

Fig. 3. Representative TEM images of PA6/OMI-clay nanocomposites; (A) PA6/ONaMMT, (B) 

PA6/OMgMMT, (C) PA6/OAlMMT, and (D) PA6/OFeMMT. (Single column fitting image) 

 

3.2 Combustion properties 

Combustion properties of neat PA6 and its composites obtained from cone calorimeter are 

listed in Table 1. With OMI-clays, TTI values of nanocomposites improved (over PA6/MI-clay 

composites) and this is attributable to lower concentrations of residual exchangeable metal ions 

on OMI-clay surfaces, as discussed and confirmed in our earlier study [26]. Better dispersion of 
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clay platelets in PA6/OMI-clay nanocomposites compared to PA6/MI-clay composites is another 

factor that can affect TTI values. Among all the samples, PA6/AlMMT composite displayed 

quickest ignition time of 83 s. Even with OAlMMT, TTI value is still 92 s suggesting the 

dominance of catalytic effect of Al3+. Similar (catalytic) activity was also reported in 

polypropylene samples filled with Al-POSS where TTI was reduced by 19 s compared to neat 

polypropylene [29]. In short, comparing TTI values of all samples, it is clear that pre-ignition 

reactions depend on combined effects of type/nature of metal ions on clay particles and the 

physical barrier (more detailed discussions on these aspects in later sections). 

 

Table 1. Cone calorimeter results of neat PA6 and its composites with MI-clays and OMI-clays. 

(Double column fitting table) 

Specimen 
TTI  

(s) 

pHRR 

(kW/m²) 

Avg. 

HRR 

(kW/m²) 

THR 

(MJ/m²) 

Char  

(%) 

TSR 

(m²/m²) 

TSP 

(m²) 

PA6 140 840 298 97 0 108 0.96 

PA6/NaMMT 94 826 349 148 12.4 427 3.77 

PA6/MgMMT 85 535 261 113 34.2 586 5.18 

PA6/AlMMT 83 566 263 113 28.5 425 3.76 

PA6/FeMMT 100 543 295 147 17.6 737 6.52 

PA6/ONaMMT 116 369 257 147 11.9 1133 10.02 

PA6/OMgMMT 114 327 229 151 10.0 1087 9.61 

PA6/OAlMMT 92 368 254 154 10.6 1035 9.15 

PA6/OFeMMT 107 397 253 161 6.2 1354 11.97 

TTI: time to ignition; pHRR: peak values of HRR; THR: total heat released; TSR: total smoke 

released; TSP: total smoke produced  
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Beyond TTI, the influence of principle metal ion (Na+, Mg2+, Al3+ or Fe3+) is also evident on 

HRR, % char, and smoke parameters (TSP and TSR).  Peak HRR values, as expected, show a 

dependence on dispersion of clay platelets in the matrix; relative reductions of up to 36% in peak 

HRR values are obtained with PA6/MI-clay samples and up to 61% with PA6/OMI-clay 

nanocomposites compared to neat PA6 (Fig. 4). Further, PA6/MgMMT composite gave highest 

char of ~34 % followed by PA6/AlMMT with ~28 % and PA6/FeMMT with ~17 %. These 

results are also in line with our previous work where it was found that Mg2+ and Al3+ delayed the 

oxidation of carbonaceous matter, whereas Fe3+ catalyzed the oxidation process [26]. Similar 

trend is seen with PA6/OMI-clay nanocomposites. These values of % char clearly point to 

enhanced crosslinking as a result of complex formation [30]. Even in a recent study, it was 

reported that when Ba2+ (alkaline earth metal like Mg2+) was incorporated into sodium alginate 

fibers, a high char value of 34.2 % was obtained (in TGA under air atmosphere until 900oC) [31]. 

Without the divalent cation, only 0.63 % char was obtained.  

PA6/FeMMT composite, despite showing similar reduction in peak HRR value as 

PA6/MgMMT and PA6/AlMMT composites, its total heat release (THR), TSR and TSP values 

are higher. Similar trend is seen with PA6/OFeMMT sample as well. Moreover, with same THR 

value as PA6/AlMMT, PA6/MgMMT produced ~6 % more char and also registered ~28 % 

higher TSR and TSP. This again indicates that these cations are playing an active and unique role 

in PA6 decomposition process, possibly, altering decomposition kinetics and/or mechanism. In 

one of the early studies on metal-catalyzed polymer oxidation [22], it was reported that addition 

0.5 wt.% of metal stearate to polypropylene (PP), which also follows peroxy-based thermo-

oxidation similar to PA6, resulted in different oxygen uptake rates in the order of 

Fe3+>Al3+>Mg2+>control PP. Activation energy for auto-oxidation was also lower for metal-
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containing PP by ~25 kJ/mol than neat PP. It was hypothesized that there may be a correlation 

between catalytic activity of metal salt and decomposition of hydroperoxide. 

 

      

Fig. 4. HRR curves of PA6 and its composites with (A) MI-clays, (B) OMI-clays. (Double 

column fitting image) 

 

3.3 Thermo-oxidative degradation behavior of PA6 nanocomposites 

Onset temperature at 5 % mass loss (T5%), temperature at 50 % mass loss (T50%) and peak 

temperature for degradation step (TP) as obtained from TGA under oxidative conditions are 

summarized in Table 2 and the TGA curves are shown in Fig. 5. Interestingly, Al-rich 

composites showed the lowest T5% in their respective group similar to TTI values, confirming its 

catalytic reactivity towards PA6 matrix. Beyond this, T5% values of other PA6/MI-clay and 

PA6/OMI-clay nanocomposites are similar. For PA6/MI-clay composites, T50% and TP are 

similar to that of neat PA6, but in the presence of organically modified clays, the values are 

slightly higher. For example, in the case of OMgMMT composite, there is ~30 oC increment in 

TP and ~19 oC in T50%. This is despite clear differences in mass loss rate profiles of MI-clay 

composites (in particular) compared to neat PA6. This suggests a similarity in kinetics and 
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probable dissimilarity in mechanisms in PA6/MI-clay composites; and vice-versa in PA6/OMI-

clay nanocomposites (similar mechanisms but dissimilar kinetics). 

Based on the thermo-oxidative degradation data of MI-clays and OMI-clays26, we believe 

that these results are a consequence of combined effects of Lewis acidity, clay dispersion and 

confinement. In PA6/MI-clay composites, polyamide chains that are confined in the interlayers 

of clay platelets will have a higher probability of exposure to metal ions (see Fig. S3 in 

Supporting Information). This either affects the stability of intermediate decomposition products 

or results in the formation of different decomposition products. In PA6/OMI-clay 

nanocomposites, the degree of confinement of polymer chains within the intra-gallery is less. 

Though the concentration of metal ions on clay platelets is less, exfoliated morphology could 

provide an opportunity for enhanced interaction throughout the volume. Depending on the 

inherent (catalytic) nature of metal ions, it is believed that uniform generation of peroxy and 

hydroperoxy radical moieties in the condensed phase (of PA6 with OMI-clays) would enhance 

the recombination reactions. This results in delay of peak decomposition temperatures (i.e., 

altered decomposition kinetics). Further, lack of stearic hindrance near the clay surface provides 

favorable conditions for surface metal ions to form coordinate complexes with near-by peptide 

linkages or carbonyl groups. This in turn affects metal ions reactivity similar to inhibitory action 

of certain chelating agents. For example, Osawa [22] observed that the oxidizing effect of Cu2+ 

was reduced as a result of its coordination with oxamide and its derivatives. Moreover, stable 

coordination and prolonged proximity of (intermediate decomposition) compounds around clay 

surface might result in localized crosslinking, shielding the clay surface.  

Another important observation is the small mass loss peak around 565 oC for PA6/NaMMT 

and PA6 composites with FeMMT and OFeMMT due to the catalytic-oxidation effect of Fe3+ on 
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carbonaceous residue. This in fact supports the argument justifying lower % char for 

PA6/FeMMT and PA6/OFeMMT composites. To verify this and other arguments discussed 

earlier, condensed phase analysis using FTIR and XRD, and gas phase analysis using FTIR are 

carried out and discussed below.  

 

   

Fig. 5. TGA thermograms of PA6 and its composites with (A) MI-clays, and (B) OMI-clays. 

(Double column fitting image) 

  

Table 2. T5%, T50% and TP as obtained from TGA thermograms for PA6 and its composites. 

(Single column fitting table) 

Specimen 
T5% 

(oC) 

T50% 

(oC) 

TP 

(oC) 

PA6 437 501 504 

PA6/NaMMT 432 505 513 

PA6/MgMMT 429 500 508 

PA6/AlMMT 422 499 508 

PA6/FeMMT 439 501 511 

PA6/ONaMMT 430 511 525 

PA6/OMgMMT 425 520 534 
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PA6/OAlMMT 421 507 511 

PA6/OFeMMT 434 508 516 

 

3.4 Condensed phase analysis  

3.4.1 Isothermal heating between 325-475 oC  

To understand the early stages of degradation of PA6 and development of char, all samples 

are isothermally heated for 5 min in the temperature regime of 325-475 oC with a 25 oC step and 

ATR FTIR spectra is taken from the surface of residues. Only the spectra corresponding to neat 

PA6, PA6/FeMMT and PA6/OFeMMT samples are shown in Figs. 6 and 7 as representative of 

the phenomenon and curves for other samples are presented as Fig. S4 in Supplementary 

Information due to similarity. Fig. 6 reveals the following spectral features for neat PA6:  

1. shoulder peaks, though weak, at 1712 cm-1 and 1762 cm-1 point to the formation of carbonyl 

moieties (aldehydic, ketonic or carboxylic carbonyl); and  

2. isocyanate peak between 350-400 oC, but it is unclear if this peak continues to exist beyond 

400 oC as it is overlapped by stronger nitrile group peak from 425 oC.  

In PA6 composites, apart from the above, the evolution of nitrile moieties with temperature is 

dependent on the type of metal ion (Figs. 7 and 8). Except Mg2+, all other composites show a 

drop in intensity with increase in temperature (up to 475 oC). Fe3+ containing composite shows a 

peak at 400 oC, while with Al3+, peak is at 450 oC similar to neat PA6. This highlights the 

relative concentration (qualitative) of nitrile moieties. The results reiterate the significant 

influence of metal ions on kinetics and/or mechanism. Differences between PA6/FeMMT or 

OFeMMT and neat PA6 in the temperature regime studied are also highlighted in Table 3 for 

simple viewing. 
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Fig. 6. Overlay of FTIR spectra for isothermally heated PA6 between 325 and 475 oC. (Double 

column fitting image) 

 

 




























































