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of the HNTs when compared with the silicate layered clays is that the intercalated layered silicate 

nanofiller(s) have a better thermal stability than the tubular structure, which contradicts the 

obtained results whereby the tubular structure showed better thermal stability than the layered 

silicate clays such as kaolin and MMT. It is deducible in this study that it is possible that several 

combined factors may play key role in terms of enhanced thermal stability of the halloysite based 

composites. The tubular structure of the halloysite might have acted as a thermal barrier thereby 

protecting the substrate in this case PLA from contacting heat and mass transport barrier, which in 

turn slows down the movement of the volatile’s products during the degradation process.   

 

 

Figure 5.11 PLA and its composites with clays as well as ZnB  

 

The addition of the zinc borate within the PLA matrix showed low thermal stability when 

compared with all the investigated clays, and PLA in this study. For an example, there was a 7% 

reduction in the thermal stability of the PLA/ZnB when compared with neat PLA. Furthermore, 

there was more reductions when compared with Halloysite, as one can observe a 19% reduction. 

This behaviour of a decrease in thermal stability with the addition of flame-retardant materials is 

known to be associated with the liberation of water by flame retardant materials; and as a result, a 

reduction in thermal stability [11].   
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    Table 5.2 Degradation temperatures at 50 and 80% mass for all the investigated samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

The synergistic effect of the clays, and ZnB was also reported as depicted by Figure 5.12 below. 

One can realize that the synergistic effects of the nanoclays showed better thermal stability than 

all the single clays reinforced PLA matrix (Figure 5.12). This behaviour is the same for ZnB 

synergistic composites as all the synergistic composites showed higher thermal stability (Figure 

5.13).  Generally, the hybrid of fillers can form an effective heat barrier, which is far better than 

single fillers, and as a result, it can prevent the escape of the volatiles, and the entrance of the heat 

better than single nanoparticles; and therefore, enhancing the thermal stability more. A careful 

inspection of Table 5.2, Figure 5.12, and 5.13 show that the synergy between PLA/MMT/kaolin 

showed better thermal stability than all samples (viz. single clays, and synergy of nanofillers). This 

behaviour might be associated with a better interaction between kaolin and MMT since both are 

layered silicate organoclays. Due to their ability to interact better, there is a huge possibility for a 

formation of an effective heat barrier, which interacted better with the volatiles, and therefore 

inhibited their decomposition from the molten PLA matrix. Generally, it looks like the dispersion 

of the clay was very key in terms of improving the thermal stability of the composites. The reason 

SAMPLE NAMES T 50% T 80% 

PLA 369,84 379,40 

PLA/HALLOYSITE 412,85 423,19 

PLA/KAOLIN 362,64 370,04 

PLA/MMT 364,38 368,08 

PLA/ZINC BORATE 345,49 353,79 

PLA/MMT/ZINC BORATE 410,12 419,78 

PLA/KAOLIN/ZINC 

BORATE 

447,96 455,38 

PLA/HALLOYSITE/ZINC 

BORATE 

434,10 443,75 

PLA/HALLOYSITE/KAOLIN 473,20 484,52 

PLA/MMT/HALLOYSITE 469,50 482,57 

PLA/MMT/KAOLIN 478,86 486,27 
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for such an observation is because the MMT synergies with other clays showed better thermal 

stability, with the results being well supported by TEM.  

 

 

Figure 5.12 TGA curves of the PLA, PLA/ZnB, PLA/clay, and their synergistic composites 

 

 

 

Figure 5.13 TGA curves of the PLA, PLA/clay, and PLA/clay/ZnB composites 

 

 

 

 

© Central University of Technology, Free State



155 

 

5.4      UL-94 Flammability rating 

 

For the purpose of determining how clays affected the flammability properties of polymers, the 

vertical burning test UL-94 was employed. A specimen is positioned vertically for this test such 

that the lower end is above a cotton layer (to catch any flaming drip). Flame is administered for 10 

seconds to the specimen's bottom, and if it self-extinguishes, another application for 10 seconds is 

made. According to its performance regarding the individual burning time for each specimen, the 

aggregate burning time for all specimens, and the presence or absence of burning drips; the 

material is tested using two sets of five specimens, and it is divided into three categories, namely 

(V-0, V-1, and V-2) [12]. Table 5.3 classifies the rating in the UL-94 burning test. 

 

Table 5.3    Classification of UL-94 burning test rating 

 

  V-0 V-1 V-2 

Burning time after flame application (s)  ≤ 10 ≤ 30 ≤ 30 

Total burning time (s) for flame 

applications 

 ≤ 50 ≤ 250 ≤ 250 

Burning and afterglow times of 

specimens after second flame application 

(s) 

 ≤ 30 ≤ 60 ≤ 60 

Dripping of burning specimens (ignition 

of cotton batting) 

 No No Yes 

Specimens completely burned  No  No No 

 

PLA was found to have no rating in the UL-94 test, and as a result, it has no flame retardancy 

classification [12,13] (Table 5.3). In summary, during the burning test, it seemed as if after 

applying the flame vertically, the neat PLA did not undergo the self-extinguish, but dripped 

strongly into the cotton and enhanced ignition, and as a result, failing the test. The addition of the 

3% of kaolin clay into the PLA matrix made the PLA to pass a UL -94 V-0 level. Similar outcome 

was reported by Timochenco et al. [12] in their results of UL-94 performance of polystryne (PS) 
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and PS/clay, and it was observed that during the burning of PS/organoclay nanocomposites, a char 

structure was formed, and no dripping was observed, whereas during the burning of virgin PS 

specimen, dripping of melted polystyrene in flame was constant. Kouini et al. [13] also reported 

similar results, whereby the presence of clay led to an increased in fire retardancy behaviour. In 

their study, UL-94 was performed for polypropylene/polyamide66 (PP/PA66) system with 2, 4, 5, 

and 6 wt% of nanoclay. It was observed that the only formulation with 2 wt% of nanoclay (S2) 

presented an augmentation of the burning rate in relation to unmodified formulation (S0), that is, 

the burning rate increased (2.4%) with the presence of nanoclay. On contrary, a percentage range 

from 18.55% to 22.57% decrease was observed when 4, 5, and 6 wt% nanoclay was added, and 

longer flammability time was noticed with 5 wt% of nanoclay. The addition of 3% MMT made 

the PLA to achieve a V-2 rating, which showed that there was a limit enhancement in the flame 

retardancy of the PLA/MMT composite. This behaviour of PLA/MMT is very interesting since 

one would expect that the layered silicate nature of the montmorillonite (MMT) was expected to 

enhance the formation of carbonaceous char and the expectations are such that the strong 

interaction between the decomposing polymer and MMT clay is supposed to have enhanced the 

surface area, as a result an improvement in flame resistance. This limitation may be explained by 

the fact that MMT is treated with combustible compounds like octadecylamine and 

aminopropyltriethoxysilane, which act as catalysts for burning of the PLA matrix. A study by 

Chow et al. [14] supported the above behaviour, whereby the unmodified MMT within PLA 

showed better flame retardancy, and thereby in support of our statement that modified MMT 

reduces the flame retardancy of the polymers. It is therefore deducible that the modification of the 

nanoclay plays a role in terms of reducing the flammability resistance of the polymer matrices.  

Furthermore, the addition of halloysite into the PLA made the PLA to pass a V-0 rating, which 

emphasized that there was an improvement in the flame retardancy of the PLA/halloysite 

composite. In the study done by Li et al. [15], halloysite nanotubes (HNT) were sequentially 

grafted with maleic anhydride (MAH), and 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-

oxide (DOPO) to prepare nanohybrid HNT@MAH@DOPO, and incorporate with PLA. The 

results showed that in parallel, PLA/5HNT@MAH@DOPO possessed limiting oxygen index 

(LOI) of 38.0%, and passed UL-94 vertical burning rating V-0, a notable enhancement compared 

to neat PLA (LOI=24.7% and UL-94 V-2). The PLA/ZnB composite revealed a very interesting 

behaviour in this study, i.e., there was an initial dripping, and then somehow, there was no burning 
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of the cotton. The above implies that the dripping of the PLA/ZnB is associated with an increase 

in the melt flow rate which is supported by the rheology results. The results also indicate that even 

though the sample underwent dripping, the sample did not ignite the cotton due to a better adhesion 

between MMT, kaolin and halloysite, the PLA/MMT/Halloysite and PLA/MMT/kaolin showed a 

UL-94 V-0 pass for PLA matrix. Similar results were reported by Zhan et al. [16] in their 

investigation of UL-94 and LOI for organophilic montmorillonite (OMT), zinc borate (ZnB), 

fumed silica (FS), tetraethoxysilane (TEOS), and polytetrafluoroethylene (PTFE) within PLA. The 

incorporation of the OMT, and ZnB enhanced the LOI values of the IFR PLA composites, while 

the addition of the TEOS and PTFE reduced the properties. A better interaction between the above 

systems enhanced the fluidity of the composites, as a result, there is an enhancement in the flame 

dripping. The synergy between the clay showed an enhanced flame retardancy in the presence of 

MMT, kaolin and Halloysite. The synergy of halloysite and kaolin showed no sign of dripping and 

no burning of the cotton, due to a better synergy between the two clays. This may be attributed to 

the tubular structure of the halloysite and entrapping of the oxygen in the lumen of the halloysite 

[17]. Similarly, with the PLA/Halloysite/Zinc Borate, there was no dripping and burning since the 

oxygen was entrapped in the lumen of the halloysite, and thereby enhancing the flame retardancy.  

 

 

Table 5.4    UL-94 rating of Clay/Polymer Nanocomposites 

Sample Name UL-94 Flaming 

rate 

Flame Dripping Igniting cotton 

Neat PLA NR Yes Yes 

PLA/kaolin V0 No  No  

PLA/MMT V2 Yes  Yes  

PLA/halloysite V0 No No  

PLA/zinc borate V1 Yes  No  

PLA/MMT/halloysite V0 No No 

PLA/MMT/kaolin V0 No No 

PLA/kaolin/halloysite V0 Yes Yes  

PLA/kaolin/zinc borate V1 Yes No 
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5.5 Rheological properties  

 

Figure 5.14 depicts the complex viscosity vs angular frequency for PLA and PLA-based ZnB 

composites. The incorporation of the zinc borate reduces the complex viscosity of the PLA matrix. 

There are several factors that may be associated with the above observation such as the dispersion, 

particle size, and rigidity of the fillers within the PLA matrix.  The main reason for a decrease in 

complex viscosity in the presence of ZnB incorporated in PLA may be ascribed to a poor dispersion 

of the filler within the PLA matrix. A poor dispersion of the filler does not hinder the movement 

of PLA chains, and as a result, it lowers the viscosity within the system. Elsewhere in the literature 

[18], the authors reported an enhancement in the viscosity of post-consumer polypropylene 

(PCPP)/organoclay nanocomposite when compared with neat PCPP. The improvement in the 

viscosity was associated with the strong interactions between the filler, and the polymer matrix. 

Similar to our results however, there was no enhancement in the composite system consisting of 

PCPP/Na-clay nanocomposites. The behaviour was associated with poor interaction between the 

hydrophilic Na-clay and nonpolar PCPP matrix.   

 

PLA/halloysite/zinc 

borate 

V0 No  No  

PLA/MMT/zinc borate V1 Yes  Yes  
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Figure 5.14 The plot of complex viscosity vs angular frequency for PLA, PLA/ZnB, 

PLA/(Halloysite/ZnB), PLA/(MMT/ZnB) and PLA/(kaolin/ZnB) 

 

The addition of MMT into the PLA/ZnB composites also reduces the complex viscosity when 

compared with neat PLA and other synergistic composites of ZnB with clays. A lack of better 

interaction between MMT and ZnB might have played a key role in reducing the complex viscosity 

due to less hinderance on the PLA chains. In this study however, the presence of the halloysite in 

the PLA/ZnB system improved the complex viscosity of the system more than all the clays systems 

and PLA. Generally, halloysite is a stiff material due to its dimensional stable tubular nanostructure, 

which might have contributed to an increase in the complex viscosity. It seems as if the stiff 

halloysite might have played a key role in the reduction of the flow part of the PLA matrix. Song et 

al. [19] reported similar results, whereby nanocomposites systems consisting of PP/MMT, 

PP/graphene oxide, and PP/CNTs were investigated. It was reported that all nanocomposites exhibit 

significantly higher complex viscosities than that of pure PP matrix. The enhancement was 

attributed to the stiffness of the inorganic filler and better dispersion of the filler within the PP 

matrix; and as a result, enhancing the viscosity of the system. Moreover, in this current study, 
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amongst all the clays investigated, halloysite seemed to show better complex viscosity and loss 

modulus properties, while ZnB seemed to enhance the flexibility in the system; and thereby reducing 

the complex viscosity. Similar behaviour that was  observed in the complex viscosity was also seen 

in the loss modulus. The PLA/halloysite/ZnB showed better loss modulus properties, followed by 

the PLA, PLA/kaolin/ZnB, PLA/MMT/ZnB as well as PLA/ZnB (Figure 5.15). As expected, 

halloysite-filled composites reduced flexible component of the PLA; and as a result, enhanced the 

loss modulus of the system. Meanwhile, the results imply that the poor dispersion of unmodified 

ZnB within the PLA is responsible for reduced loss modulus in the PLA/ZnB composite. The 

synergy of the ZnB/MMT therefore provided less modulus due to anti-synergistic behaviour 

between the two components, agglomeration as well as less interaction between the fillers and 

organic components in MMT, which might have also contributed to the reduction in loss modulus 

of the system. 
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Figure 5.15   The plot of complex viscosity vs angular frequency for PLA, PLA/ZnB, 

PLA/(Halloysite/ZnB), PLA/(MMT/ZnB) and PLA/(kaolin/ZnB) 

 

5.6     Adsorption studies 

 

In order to evaluate the efficacy of PLA composites as suitable pollutant adsorption, Congo red 

anionic dye, was used as an organic pollutant model.  The adsorption study was carried out by 

immersing ~50 mg of pelletized PLA composites in a conical flask containing 25 mL of a Congo 

red solution at 10 mg/L. Table 5.5 represent the CR removal efficiency of the samples after 12 hours 

(Figure A1). As presented in Table 5.5, PLA is PLA/Halloysite and PLA/Halloysite/Kaolin showed 

no removal of Congo red from the solution, meanwhile other samples exhibited removal of CR 

below 50%.  The limited adsorption efficiency may be attributed to PLA covering the incorporated 

fillers which are responsible for dye adsorption. PLA is more hydrophobic which limit its interaction 

with dye [20]. The fillers have surface functionalities which serve as active sites for dye adsorption, 

hence there was limited adsorption showed by these samples. In the case of Halloysite-based 

composites, PLA had strong interaction with Halloysite which makes these fillers to be well-covered 

by hydrophobic PLA hence no adsorption has been recorded for these samples. However, the 

presence of zinc borate improved the overall adsorption efficiency of Halloysite-based composites. 

This can be explained by segregation of Halloysite and zinc borate within PLA (see Figure 5.3). 

Such morphology offers fillers an opportunity to protrude out to the surface of the host matrix, and 

hence improves the adsorption efficacy. 

Table 5.5 CR Dye adsorption of PLA composites 

Sample Adsorption (%) 

Neat PLA 0 

PLA/Kaolin 22.9 ± 1.9 

PLA/MMT 25.9  ± 2.3 

PLA/Halloysite 0 

PLA/Zinc borate 21.5  ± 2.1 

PLA/MMT/Halloysite 0 
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PLA/MMT/Kaolin 12.3  ± 2.6 

PLA/Halloysite/Zinc borate 39.2  ± 3.2 

PLA/Halloysite/Zinc borate 24.6  ± 1.3 

PLA/MMT/Zinc Borate 16.7  ± 1.6 

PLA/Halloysite/Kaolin 0 
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CHAPTER 6: Conclusion and future recommendations 

 
The effect of various clays (viz. MMT, kaolin, and halloysite) together with zinc borate on the 

properties PLA was reported for advanced application of PLA. Furthermore, the synergy of the 

clays incorporated into the PLA matrix was also reported in this study. The morphology, 

crystallinity, thermal stability, rheological and flammability properties are reported in this study. 

Generally, one can observe that the MMT nanoclay played a key role in improving the morphology 

of the composites and synergistic composites. The behaviour was associated with the presence of 

organic modifiers within the MMT-based composites and synergistic composites except in cases 

where ZnB is involved. The majority of the properties however seemed to have improved in cases 

where tubular halloysite was involved when compared with the silicate clays. For an example, the 

flammability properties, thermal stability, and rheological properties were all improved in the 

presence of halloysite. Generally, the dominance of the halloysite is usually associated with its 

stiffness and stable tubular nanostructure, which might have contributed to an enhancement in 

properties. Additionally, the impact of zinc borate can be said to have reduced the flammability of 

the clay nanocomposites, thus making such instance to be in support of   UL-94 results, whereby 

the majority of the zinc-based samples attained V-1 ratings with dripping in most cases, except when 

halloysite is employed. For future purposes, especially if one wants to improve the flame resistance 

of the PLA/clay nanocomposites, it is highly recommended that the carbon-based fillers have to be 

utilized instead of zinc borate, which failed to form a synergy with clays. The reason for suggesting 

carbon-based fillers is due to the anticipation that they would form a silicate-carbon based chars, 

which are well known for preventing heat from entering the substrate and inhibiting the removal of 

volatiles out of the system. Because the halloysite was found to be more effective in improving the 

properties, it is suggested that it should be the clay of interest for fabrication of the carbon-based 

fillers/clay/PLA composites. To further extend the techniques, mechanical properties, and cone 

calorimetry have to be utilized for future purposes. The pollutants removal efficiency of the 

composites was very limited due to hydrophobicity of PLA that covered active sites of the 

incorporated fillers. The change of the processing methods to afford porous materials is 

recommended to afford the accessibility of the fillers’ active sites for pollutants. Further studies 

should be conducted on the synergy of zinc borate and clays in future. 
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Figure A1 UV-vis of all the investigated samples. 
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