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ABSTRACT 
 

In this study, Turkish bentonite (BN) mineral is subjected to silane treatment in order to enhance its compatibility for poly(lactic 

acid) (PLA). Neat and surface silanized BN powders are compounded with PLA using melt blending process at the 

concentrations of 5, 10, 15 and 20 wt%. Surface characteristics of BN samples are examined by infrared spectroscopy. 

Mechanical, thermo-mechanical, water resistance, melt flow and morphological investigations of composites are performed by 

tensile and impact tests, dynamic mechanical analysis (DMA), water absorption test, melt flow rate test (MFR) and scanning 

electron microscopy (SEM) analysis, respectively. Mechanical test results show that BN additions lead to increase in tensile 

strength and modulus of PLA. The maximum improvement is obtained for 15 wt% of silanized BN containing composite. 

Silanized BN filled PLA displays higher impact performance compared to untreated BN sample. Impact energy values of 

composites increase with increase in loading ratio. Silanized BN containing composite with 20 wt% concentration gives the 

highest storage modulus according to the DMA study. Glass transition temperature of PLA is improved by the inclusions of all 

BN samples. Additions of BN make slight decreases on MFR value of PLA. However, these reductions are found to be 

negligible in terms of its effect on processing of material. Water uptakes of composites are found to be higher than that of PLA. 

Composites containing silanized BN have lower water absorption values than neat BN samples due to the hydrophobicity of 

silicon containing surface. SEM characterization reveals that more homogeneous dispersion in PLA matrix is observed for 

silane treated BN compared to neat BN particles thanks to improvement of interfacial adhesion between BN and PLA matrix. 
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1. INTRODUCTION 
 

Fabrication of environmental-friendly materials has been widely studied by scientific and industrial 

researchers due to ecological issues of recent decades. Composite materials are consisting natural products 

are named as bio-composites and they are developed for the main purpose of the replacement of conventional 

petroleum related composites. Bio-composites have numerous advantages including low weight, practical 

fabrication, biodegradability and recyclability. The materials derived from renewable resources have found 

wide usage in industrial field such as packaging, automotive, textile and outdoor applications [1-4].  

 

Poly (lactic acid) (PLA) is a well-known renewable polymer. The ability of this commercialized bio-

polymer is the reduction of the disposal problem which is encountered mainly in packaging products [5, 

6]. Reinforcing bio-polymers with suitable additives is a popular research topic nowadays since bio-

polymers exhibit some limitations such as low toughness, poor thermal stability and narrow processing 

window [7-10]. 

 

Natural minerals are used as additives for plastics because of they have low cost and easy to handle 

properties. Effect of mineral additives to polymers is related with some factors including particle size, 

concentration, shape and interface adhesion with matrix [11-13]. Improvement of interfacial adhesion 

and compatibility between mineral additives and polymer matrix plays a key role in obtaining composite 

materials with required performances [14-17]. 
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Bentonite mineral is obtained mostly in volcanic eruptions as the form of ash particles. Turkey has a large 

portion of bentonite reserves among other countries such as Australia, USA, Greece and India. Ankara, 

Tokat, Ordu, Giresun and Balıkesir are the main areas where Turkish bentonite reserves are found [18-

20]. Bentonite has a potential of use as an additive for polymers due to having high level of plasticity [13]. 

In the literature, several polymers are compounded with bentonite including polyethylene [21-24], 

polypropylene [25-27], polystyrene [28], polycarbonate [29], and styrene-butyl-acrylate copolymer [30]. 

 

The main purpose of this research study is the investigation of mechanical, thermo-mechanical, water 

resistance, melt flow and morphological performance of Turkish bentonite reinforced PLA bio-composites 

in order to propound of their large scale fabrication in industrial fields such as packaging and outdoor 

products. Bentonite powder is subjected to silane modification for the aim of improvement of compatibility 

between additive and PLA matrix. Modified and neat bentonite surfaces are characterized using infrared 

spectroscopy (IR) in attenuated total reflectance (ATR) mode. Composites are fabricated by extrusion 

process and test samples are prepared using injection molding. Beside of the mechanical (tensile and 

impact tests) and thermo-mechanical (dynamic mechanical analysis) studies, water absorption tests are 

conducted to investigate the possible use of composites for outdoor applications. Melt flow rate test is 

performed in order to understand their processability and scanning electron microscopy (SEM) is applied 

for the characterization of morphological properties of composites. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 
 

The commercial PLA is supplied from Natureworks LLC, USA under the trade name of Ingeo 

biopolymer 6100D. It has density of 1.24 g/cm3 and relative viscosity of 3.1 according to CD Internal 

viscotek method. Na-activated bentonite powder is obtained from Reşadiye, Tokat region and it is 

supplied by Karakaya Bentonite, Turkey. BN has specific gravity of 2.4 g/cm3 and volume mean 

diameter of 20.6 µm. Chemical composition of BN sample is given in Table 1 [29]. Silane coupling 

agent (aminopropyltriethoxysilane) and ethanol are purchased from Merck AG, Germany. 

 
Table 1. Chemical composition of bentonite sample. 

 

Compound Test Method Composition (wt%) 

SiO2 EN 12902 50-70 

Al2O3 EN 12485 10-20 

MgO EN 12485 1.0-4.5 

CaO EN 12485 0.5-4.0 

Na2O EN 12485 0.5-3.0 

 

2.2. Surface Silanization of Bentonite 
 

Bentonite powders are mixed in 2 wt% of aminopropyltriethoxysilane/ethanol solution for 2 hours at 

room temperature. After mixing, samples are washed and dried at 70˚C overnight. Neat and silane 

treated bentonite samples are named as BN and BN (S), respectively. 

 

2.3. Production of Composites 
 

Bentonite containing PLA based composites are produced using DSM Xplore micro-compounder at 

210˚C for 5 minutes with the mixing speed of 100 rpm. Unfilled PLA is also mixed under the same 

conditions and named as PLA. Concentrations of BN and BN (S) in PLA matrix are 5, 10, 15 and 20 

wt%. Test samples of the composites are prepared by Daca Instruments micro-injection molding 

machine at a barrel and mold temperatures of 215˚C and 40˚C, respectively. The photograph of shaped 

composites is displayed in Figure 1.  
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Figure 1. Photograph of prepared test samples. 

 

2.4. Characterization Methods 
 

Infrared spectroscopy (IR) technique in ATR mode (Bruker Optics, 66/S series) is used to investigate 

the surface. Tensile tests are done using Lloyd LR 30 K universal tensile testing device with 5 kN load 

cell and crosshead speed of 5 cm/min. Tensile strength, percentage strain and tensile modulus values are 

recorded as minimum of three samples with the standard deviations. Impact test is performed by 

Coesfeld material impact tester with the 4J pendulum. DMA technique is carried out using Perkin Elmer 

DMA 8000 in dual cantilever bending mode under the inert nitrogen atmosphere. Temperature range of 

analysis is between -150˚C and 200˚C at the heating rate of 10˚C/min. Melt flow rates (MFR) of samples 

are measured using Coesfeld meltfixer LT. The tests are performed with the standard load of 5 kg at 

210˚C. During water uptake test, samples are conditioned and immersed in water bath at room 

temperature according to test procedure of ASTM D570. Then, they are taken out from water and 

weighted periodically. The fractured surfaces of composites after impact test are examined by FEI 

Quanta 400F FESEM scanning electron microscope (SEM). 

 

3. RESULTS AND DISCUSSION 
 

3.1. IR Analysis 

 

IR spectrum of neat BN and BN (S) samples are displayed in Figure 2. The peaks at range of 600 cm-1 and 

1000 cm-1 wavenumbers are related with the Si–O vibrations [31-33]. These peaks can be seen for neat 

BN since BN includes a considerable amount of silica in its chemical composition [34]. BN (S) gives 

higher intensity for these peaks due to silane layer on powder surface. The peak centered at about 1000 

cm-1 stem from oxygen functionality. The intense peak at 1300 cm-1 comes from COO- stretching bonds 

[35,36]. BN (S) spectra has higher intensity for these peaks because of forming silanol bonds at powder 

surface. The two peaks between 2800 cm-1 and 2900 cm-1 wavenumbers assign alkyl groups which is result 

from silane coupling agent has propyl groups [37]. The characteristic hydroxyl peaks can be seen at about 

3350 cm-1. These findings confirm that neat BN surface was covered by silane coupling agent. 
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Figure 2. IR spectra of BN samples 

 

3.2. Mechanical Tests 

 

3.2.1. Tensile test 

 

Mechanical test data of PLA and composites are listed in Table 2 and the tensile test curves are given in 

Figure 3. 

 
Table 2. Mechanical test results 

 

Samples 

Tensile Strength 

(N/m2) 

Tensile Modulus 

(GPa) 

Elongation at 

Break (%) 

Impact Strength 

(kJ/m2) 

PLA 58.41.6 1.00.1 11.60.7 11.60.4 

PLA-BN 5 58.71.4 1.20.1 8.20.5 7.10.2 

PLA-BN 10 60.21.9 1.20.2 9.30.8 8.00.2 

PLA-BN 15 63.61.8 1.30.1 8.40.7 9.30.4 

PLA-BN 20  60.51.6 1.20.2 8.10.6 10.50.4 

PLA-BN (S) 5 63.11.8 1.30.2 8.50.4 11.40.3 

PLA-BN (S) 10 64.22.0 1.40.2 8.70.4 12.10.2 

PLA-BN (S) 15 67.12.2 1.40.2 7.90.3 13.70.3 

PLA-BN (S) 20  63.51.9 1.30.1 8.60.5 13.30.3 

It can be seen from Table 2 that tensile strength increases with the filling ratio of BN towards to 

optimum concentration of 15 wt%. Further additions of BN result with the reduction for tensile 

strength which may come from the formations of agglomeration of bentonite particles into PLA 

matrix at the highest concentration (20 wt%). BN (S) containing composites give about 3 points 

higher tensile strength values as compared with the same concentrations of neat BN. Increase of 

interfacial adhesion between BN and PLA may be the reason of these results. 
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Figure 3. Tensile curve of PLA and composites 

According to Figure 3, the highest elongation is obtained for unfilled PLA. Elongation at break value of 

PLA decreases approximately 3 points with the BN inclusions regardless of neat or silaned BN samples. 

On the other hand, composites display slightly higher tensile modulus than PLA according to Table 2.  

 

3.2.2. Impact test 

 

Impact strength results of unfilled PLA and composites can be seen in the last column of Table 2. Impact 

strength of composites are increased with increase in BN concentrations. Almost all of the BN (S) 

inclusions show higher impact strength values compared to unfilled PLA. BN (S) reinforced composites 

show about 3 points higher impact strength than neat BN at the same concentrations. 
 

 
 

Figure 4. DMA test curves of PLA and composites. 
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3.3. Thermo-Mechanical Properties 
 

Storage modulus and tan delta curves obtained from DMA test data are displayed in Figure 4. Storage 

modulus curves decrease around 70˚C which indicates the glass transition temperature (Tg) of PLA. 

Storage modulus of PLA increases with neat BN additions at all filling ratios. BN (S) containing samples 

show higher storage modulus compared to neat BN. The highest modulus is found for PLA-BN (S) 20 

composite. The maximum temperature at the peak of tan delta curve corresponds Tg of PLA. Tg values 

of neat PLA and PLA-BN (S) 10 composite are estimated from the tan delta curves as 65˚C and 68˚C. 

Tg of PLA increases with the additions of BN and BN (S).  10% BN (S) containing composite gives the 

highest Tg value among samples. These findings indicate that the chain motions of PLA are restricted 

with addition of bentonite particles [38-41]. 

 

 

 
 

Figure 5. MFR results of PLA and composites. 

 

3.4. Melt-Flow Rate Test 

 

According to MFR values displayed in Figure 5, it can be said that all of the MFR values are found in a 

narrow range. This result indicates that processing of these composites can be performed without a hitch 

as the industrial scale production considered. BN and BN (S) inclusions cause negligible decrease for 

MFR of PLA. MFR values show decreasing trend with increase in BN concentration. It can be seen 

from the results that silane treated BN reinforced composites give higher MFR values than that of neat 

BN. This is because of higher compatibility of BN (S) with PLA matrix relative to neat BN [42-45]. 
 

Table 3. Water absorption test results. 

Samples Water Absorption (%) 

PLA 0.90.1 

PLA-BN 5 1.60.1 

PLA-BN 10 2.10.1 

PLA-BN 15 2.50.2 

PLA-BN 20  3.20.1 

PLA-BN (S) 5 1.40.1 

PLA-BN (S) 10 1.80.2 

PLA-BN (S) 15 1.90.1 

PLA-BN (S) 20  2.10.1 
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3.5. Water Absorption 

 

Water absorption test data of samples for the time period of 15 days are listed in Table 3. Unfilled PLA 

sample gives an absorption value of 1% whereas BN containing composites absorb higher amount of 

water. Water uptake of composites increase with increase of BN concentration. PLA-BN (S) composites 

display lower water absorption values than neat BN samples at the same concentrations. This means that 

hydrophobic silanized surface of BN causes reduction in water uptake values for PLA based composites 

[46, 47]. 

 

3.6. Morphological Study 
 

SEM micro-images of composites having the lowest (5%) and the highest (20%) filling ratios are shown 

in Figure 6. Formations of agglomerates for neat BN particles into PLA can be seen from the micro-

images of PLA-BN samples. On the other hand, BN (S) particles exhibit homogeneous dispersion inside 

the matrix. It can be seen from the SEM micro-image of PLA-BN (S) 5 that surface of BN particles are 

surrounded by PLA matrix. Some agglomeration regions are also observed for BN (S) at 20% 

concentration, however more agglomerated regions are seen for neat BN containing composite at the 

same filling ratio. These results confirm that well-dispersion and effective adhesion are achieved for 

silanized BN samples due to improvement of interfacial interactions between two phases. 

 

 
 

Figure 6. SEM micro-images of composites. 
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4. CONCLUSION 

 

In this study, effects of surface silanization and concentration of Turkish bentonite mineral on mechanical, 

thermo-mechanical, melt flow, water uptake and morphological properties of PLA based composites are 

reported. IR analysis confirms that surface of neat BN is covered by silane coupling agent after silanization 

process. According to mechanical test results, silanized BN containing PLA composites display higher 

tensile strength and impact strength relative to neat BN samples. The optimum BN concentration is 

obtained as 15 wt% in the case of tensile strength and impact strength results. Additions of BN powders 

cause slight decrease in elongation of unfilled PLA. DMA test reveals that storage modulus of PLA is 

improved with the addition of BN (S). Glass transition temperature of PLA increases after addition of BN 

powders. All of the composites show lower MFR values compared to unfilled PLA; however, these 

reductions can be considered as negligible to cause processing problems of composites. Water absorption 

test data shows that incorporation of BN sample increases of water uptake of unfilled PLA. Silanized BN 

reinforced composites exhibit lower water absorption compared to neat BN because of hydrophobicity of 

silane containing surface. According to SEM analysis, BN (S) particles display more homogeneous 

dispersion than neat BN into PLA matrix. These outcomes indicate that application of silanization process 

on BN powders resulted in significant improvement of mechanical and physical performance of PLA based 

composites due to increase in compatibility between two phases. 
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