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Abstract
Several species of Agave plants are used for extracting fiber from their leaves. This activity represents an important economic profit for some mestizos and indigenous groups in México. Agave salmiana is mainly used in the production of distilled beverages known as “mezcal” or fermented beverages such as “pulque”. In this work, variety Xa’mni of Agave salmiana fiber, obtained by the traditional technique of manual decorticating young-raw leaves, was used as the reinforcement material of bio-composites made of plasticized maize starch by the extrusion-injection method. The influence of the presence of the fibers affecting thermomechanical properties on the polymeric matrix was evaluated through thermomechanical analysis. From these analysis, it can be observed on one side, that bio-composites made of maize starch plasticized with 20% of glycerol reinforced with 10% of Agave salmiana fibers increases glass transition temperature (Tg) from 94°C to 108°C in penetration mode analysis, indicating a higher thermal resistance to penetration; though, this property diminishes with further addition of fiber content. On the other hand, in macroexpansión test coefficient of thermal expansion (CTE) remains the same in formulations with 10 and 20% fiber content, and it only diminishes when 30% content of fiber is added.


1. Introduction

Bio-composites have been widely studied by academics and used in textile, construction, automotive and food industries since they can be a partial solution of material accumulation in landfills, mainly relating to plastic waste. The development of composite materials made of biodegradable polymeric matrix reinforced with natural fibers encourages the use of friendly environmental materials, such as thermoplastic starch (TPS) reinforced with vegetal fibers bio-composites [1]. Starch is the most important polysaccharide used for biodegradable plastic films preparation and it is considered as one of the most promising natural polymers due to its low costs, availability and biodegradability [2,3].
Adding vegetal fibers to a polymeric matrix in bio-composites increases mechanical properties and thermal stability, when compared to thermoplastic starch [4]. Furthermore, lignocellulosic fibers, vegetal fibers, as bamboo (Bambusa emeiensis), coir (Cocos nucifera), flax (Linum usitatissimum), sisal (Agave sisalana), among others, present several advantages over synthetic fibers such as abundance, low density or lightness, low costs and biodegradability [3,5,6]. Both thermoplastic maize starch, containing ca., 20% of amylose and ca., of amylopectin [7], used as polymeric matrix phase and lignocellulosic Agave salmiana fibers, containing ca., 49% of cellulose and 8% of lignin [8], as reinforcing material phase are obtained from natural resources, which makes possible to obtain a bio-composite material. The hypothesis is that due to the hydrophilic nature of both phases, it may result in a good phase interaction (matrix-reinforce) during the bio-composite production [9,10,11].

These materials can be exposed at high or low temperatures, high content of moisture and ultraviolet light [12] through their life cycle. These environmental factors affect mostly their physical, mechanical and thermal properties. Although starch polymers are easy to handle in the production stage, they are highly moisture susceptible [13,14,8], which may cause effects in their physical properties, and when used in composites, the matrix-fiber interphase is affected, modifying their mechanical properties [15]. Hence, the aim of this work is to study the thermomechanical effect of Agave salmiana fibers as reinforcement of thermoplastic maize starch bio-composites. In further mechanical, thermomechanical and morphological tests, aging by environmental factors effects, biodegradability and degree of swelling on bio-composites will be evaluated.


2. Materials and methods

2.1. Polymeric matrix 

Sigma-Aldrich maize starch and ACS Fermont glycerol were used to obtain the polymeric matrix of the bio-composite materials. 

2.2. Fibers preparation

Fiber from Xa’mni variety of Agave salmiana was collected in Mezquital Valley, Hidalgo, México by a traditional manual method, consisting in decorticate young-raw leaves to remove parenchyma tissue; once fiber is obtained, it passes through a final washing-bleaching process in a soap-vinegar-water mixture. Agave salmiana fibers were milled in a Fritsch Cutting Mill Pulverisette 19 with tungsten V blades and 250 μm trapezoidal perforations stainless steel sieve. Once milled, and in order to obtain a length range between 75 μm and 300 μm, fibers were passed through W. S. Tyler ASTM E-11 cylindrical stainless steel sieves No. 200 to No. 50, respectively. The resulting fibers were placed in 10 x 15 cm aluminum foil trays and dried in an Arsa AR-290D oven at 60° C ±2 ° C for 24 h prior the bio-composite preparation.

2.3. FTIR characterization of fibers

To evaluate if there is any effect in the fibers structure due to its location within the leaf, they were classified into two types: lateral (L) and central (C) and analyzed by Fourier transforms infrared spectroscopy (FTIR). Analysis were recorded on an Agilent Technologies Cary 630 FTIR spectrometer, with attenuated total reflectance mode (ATR). The spectrum of Xa'mni fibers (Agave salmiana) was recorded in the range from 4000 to 400 cm-1 with a resolution of 2 cm-1 and 64 scans.

2.4. Bio-composites preparation

The initial moisture of Sigma-Aldrich maize starch content is < 15.0%. Wetting of the cornstarch was carried out with Acua Azul 20% purified water in a beaker, manually mixed with a glass stirrer, 24 h prior to the extrusion process, 20% of glycerol as plasticizer was added to maize starch. Each formulation was manually mixed for 10 minutes before introducing it into the extrusion equipment. 

In order to obtain the bio-composite, Agave salmiana short fibers randomly orientated were manually added to the polymer matrix of maize starch (MG) at concentrations of 10, 20 and 30%; after mixing, glycerol was added. Bio-composites were obtained by extrusion-injection method. In the extrusion process, a DSM Xplore MC-5 extruder with double conical screw was used. The equipment was adjusted to a temperature of 90° C into the three heating zones, with 3 minutes of processing time at 100 RPM. Injection process was performed in a DSM Xplore IM 5.5 equipment with a temperature of 95 °C in the heating barrel and 35 °C in the injection mold. Both polymeric matrix and bio-composite material were obtained under the same conditions.
Samples of each material (MG and MGA) for different tests were obtained: seven for tensile tests by the extrusion-injection method according to standard ASTM D638, and six for thermomechanical analysis according to ASTM E 831, these samples were obtained from tensile probes, using an Acco single hole paper punch.

2.5. Thermomechanical characterization of materials

Thermomechanical tests were performed in a TA Instruments Q400 Analyzer under the ASTM E 831 standard. To calculate coefficient of thermal expansion (CTE), macroexpansion test was carried out with an applied force of 0.02 N and a ramp of 5° C min-1 form -20 °C to 100 °C. On the other hand, glass transition temperature (Tg) was calculated by penetration tests, with 0.05 N of applied force, from room temperature (24 °C) to 170 °C with 10 °C min-1 heating ramp, respectively.


3. Results and discussion

3.1. FTIR characterization of fibers

FTIR spectra of Xa’mni variety of Agave salmiana showed a broad peak at ca. 3400 cm-1 attributable to OH groups present in lignin, cellulose, hemicellulose and water [16], in fibers obtained from young-raw leaves (Figure 1). Bands in a range from 1600 to 1400 cm-1 are related to lignin aromatic rings [17] this can be interpreted only as a superficial change in fibers during the washing-bleaching process. Peaks at ca. 1100 cm-1 are assigned to C-O-C groups present in cellulose, hemicellulose and lignin [16]. Hence, neither washing treatment nor location within the leaf modify fibers structure.

3.2. Thermomechanical characterization of materials

Reinforcing material improves thermomechanical properties of the polymeric matrix plasticized with 20% of glycerol. In penetration mode trials, the addition of 10% Agave salmiana fiber increases 14% the hardness of the polymeric matrix, but adding 20 and 30% of fiber decreases 29% Tg. This behavior was also observed by Schlemmer et. al., [9] with the addition of reinforcing material to acetylated cassava starch. Coefficient of thermal expansion decreases 17% only in bio-composites with 10% of fiber in comparison to the polymeric matrix CTE (Table 1). This was also observed by Yang et al., [18] in polypropylene reinforced with rice husk flour and wood flour bio-composites due to lignocellulosic fibers minimizes thermal expansion in composite materials as an effect of preventing changes caused by cold and warm atmospheric changes.
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Figure 1. Washed fibers obtained from young-raw leaves in lateral and central section.


[bookmark: _Ref514085820]Table 1. Thermomechanical properties of polymeric matrix and bio-composite reinforced with Agave salmiana fiber.

	Sample
	Raw leaves fiber
	Penetration
	Macroexpansion

	
	(%)
	Tg (°C)
	α (μ/mm ◦C)

	MG
	--
	94
	0.064 ± 0.005

	MGAc10
	10
	108
	0.062 ± 0.004

	MGAc20
	20
	66
	0.064 ± 0.009

	MGAc30
	30
	67
	0.053 ± 0.007




4. Conclusions

Agave salmiana fibers addition improves thermomechanical properties in maize starch as expected, particularly in formulations with 30% of fiber content, where CTE decreases 17% and Tg decreases 29% compared to pure polymeric matrix; these changes can be attributable to the free volume generated between fiber-matrix phases that increases with the addition of fiber content. Hence, morphological and mechanical characterization must be performed to analyze matrix-fiber interaction related to the fiber content and to the influence of similar functional groups of both phases.
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