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Processing and Properties of Pineapple Leaf Fibers-Polypropylene Composites Prepared by Twin-Screw Extrusion

Pineapple leaf fiber (PALF) is an agricultural waste, very abundant in some countries of East Asia (India, Thailand, and Philippines). Owing to its intrinsic mechanical properties, it could be used as a reinforcing fiber for thermoplastic polymers. In this article, PALF was used to prepare polypropylene-based composites by twin-screw extrusion. The variations of the fiber dimensions (length, diameter, and aspect ratio) induced by the compounding process was analyzed. PALF suffer from a significant reduction in length, but the bundles are very difficult to separate and their diameter remains almost constant. The change in fiber length and aspect ratio along the screw profile showed an exponential decrease, as already observed for other lignocellulosic fibers. The mechanical properties of composites prepared with 20 wt% PALF fibers show an increase in Young's modulus (146%) and stress at break (112%), but a strong decrease in elongation at break (298%). These results confirm the potential value of this agricultural waste as effective reinforcing fiber for polymer composites.

INTRODUCTION

The problems of climate change and oil depletion have led scientists and policy makers to find appropriate solutions. One of many solutions is to use natural (or lignocellulosic) fibers for the preparation of polymer matrix composites. Natural fibers are produced from renewable resources and can replace a certain fraction of oil-derived plastics to make composite materials. In fact, the idea has existed for a long time, as can be appreciated from numerous reviews and references cited therein (see, e.g., refs. [1][2][3][4][5]. Many different types of natural fibers have been studied for the purpose, ranging from fibers from (i) agricultural wastes such as straw, bagasse, banana trunk, palm empty fruit bunch, and pineapple leaves to (ii) weeds such as china reed and (iii) purposely cultivated plants such as sisal, hemp, flax, jute, and kenaf.

When replacing plastic with cellulosic materials to form composites, the objective may be simply to reduce the cost by saving a certain amount of plastic, without too much relating to the mechanical properties. If the cellulosic material is in the form of a fiber, however, a good reinforcing effect can be expected and will be even better if the mechanical properties of the fiber are high. Among the different types of natural fibers, pineapple leaf fiber (PALF) is very interesting as it derives from agricultural waste and is very abundant in some countries in East Asia (e.g., India, Thailand, Philippines). It has also high mechanical properties, close to that of jute, kenaf, hemp, and flax [3,6,7]. These characteristics, therefore, make PALF a good candidate for the preparation of composites. Their use is already planned for applications in the textile [8], packaging [9], or paper industries [10]. As they have interesting mechanical properties as stated above, applications of PALF/thermoplastics composites could be classically found in the automotive industry for the manufacture of interior parts, for example, to replace polypropylene/glass fiber compounds to save weight and utilize renewable resources. However, in the extensive literature on lignocellulosic fiber reinforced composites (see, e.g., the reviews of Bledzki and Gassan [1] and Pereira et al. [5]), the number of papers devoted to PALF is rather limited. Some recent reviews summarize the works published since 1,986 on PALF-based composites [5,11,12]. PALF have been used to reinforce rubbers [13][14][15][16], thermosets [17][18][19] and thermoplastics, mainly polyolefins [20][21][22][23][24][25] and bioplastics [26][27][28]. Recently PALF have been used successfully to strengthen nylon [29], a high-processing-temperature polymer. In the following, we will focus on polypropylene-based composites, as this polyolefin is easy to process and widely used for industrial applications. Glass fiber-reinforced PP is commonly used, for example, for automotive or aeronautical applications. The goal is to replace glass fibers with lighter vegetal fibers, to gain weight and use renewable resources for the same kind of applications.

Among the previous studies on PALF-based composites, only a few consider a polypropylene matrix [21,22,24,25,30,31]. Moreover, very often, composites are laminates obtained by compression, or, in the case of short fibers, prepared by solution mixing or by two-roll mills. Only a few authors have used an internal mixer [20,23] and, to our knowledge, Liu et al. [28] were the only one to use a twin-screw extruder. Therefore, the objectives of this work were to prepare composites based on polypropylene and pineapple leaf fibers (PALF) by twin-screw extrusion, to test their mechanical properties, and to characterize the improvement provided by the presence of the fibers. The dimensions of the fibers in the composites after compounding and injection were evaluated and correlated with the mechanical properties of the composites.

MATERIALS AND METHODS

Fibers

The pineapple leaf fibers were extracted by a new mechanical method, proposed by Kengkhetkit and Amornsakchai [32]. They were used as such, without any chemical treatment. They were observed by scanning electron microscopy (SEM) using a Philips XL30 ESEM, under an acceleration voltage of 15 kV. Their composition was characterized by biochemical analyses. The lignin content was determined by the Klason technique, as described in Beaugrand et al. [33]. The analysis of the polysaccharide content was carried out by highperformance anion exchange chromatography (HPAEC) monitored by pulsed amperometric detection. The dimensions of the raw fibers were determined by image analysis using a high-resolution scanner (Epson PerfectionTM V550 Photo Color Scanner, Nagano, Japan), in transmission mode and with a resolution of 6,400 dpi, corresponding to 4 mm/pixel.

Matrix and Compatibilizer

The matrix was a homopolymer polypropylene (PP) purchased from Total Petrochemicals under the reference PPH 5,060 (melt flow index 5 6 g/10 min at 2308C and 2.16 kg, melting temperature 5 1648C and molar mass 5 320,000 g/mol). 2.5 wt% of polypropylene grafted with maleic anhydride (PP-g-MA) was added to improve the interfacial adhesion between the fibers and the polymer matrix. In the literature, PP-g-MA has been shown to be essential for improving the mechanical properties of the PALF-PP composites [21,22,25].

Composite Preparation

The composition of the composites was kept constant and equal to 78 wt%/2 wt%/20 wt% for PP, PP-g-MA and fibers, respectively. The composites were prepared on a lab-scale twin-screw extruder (Leistritz ZSE 27 MAXX, Nuremberg, Germany), with a diameter of 28.3 mm and a length-to-diameter ratio (L/D) of 36. The screw profile is shown in Fig. F1 1. It is similar to that which was previously used to prepare lignocellulosic fibers-PP composites with different fiber varieties [34]. It was composed of a lefthanded screw element for the melting of the matrix, followed by conveying elements and two mixing zones (B and C). The first (B) consisted of eight kneading disks in neutral position (908 staggering angle), and the second (C), which was more restrictive, of eight kneading disks staggered at 2608. Except for the first, the eight barrel zones were set at 1808C to limit the temperature supported by the fibers and therefore their possible thermal degradation. Indeed, depending on the authors, PALF degradation begins above 200-2408C [6,7]. The matrix pellets (dry-blend of PP and PP-g-MA) were introduced into barrel zone 1, when the fibers were introduced after melting of the matrix, in zone 4. To limit fiber mechanical degradation, a low screw speed (100 rpm) was selected. Two matrix feed rates were tested: 1.6 and 3.2 kg/h. For each condition, 20 wt% fibers were added to the matrix, resulting in total feed rates of 2 kg/h (Case 1) and 4 kg/h (Case 2), respectively.

Samples were collected at the die exit (E) and cooled for further analysis. Under the conditions of Case 2, that is, 4 kg/h, 100 rpm, samples were also collected along the screws, after a dead-stop procedure: under steadystate conditions, screw speed and feeding were suddenly stopped and the screws were extracted to collect the samples. The sampling locations (from A to D) are shown in Fig. 1. Fiber dimensions were analyzed in the composites after a reflux extraction method with p-xylene, using a Kn€ ofler-Bohm soxhlet. After at least 72 h of extraction, the fibers were dried for 48 h and characterized using a second high-resolution scanner (Epson Perfection V850 pro, with a resolution of 4,800 dpi), following the procedure detailed by Di Giuseppe et al. [35].

Mechanical Characterization

Composite samples were ground and injected as dumbbell-shaped specimens, according to the norm ISO 527-2 5A, using a Babyplast 610P injection molding machine (Rambaldi, Molteno, Italy). Samples mechanical properties were measured in uniaxial extension using a TEST 108 universal testing machine (TEST, Erkrath, Germany), piloted by the Testwinner 922 software program, with a 2 kN load cell, at 10 mm/min. Twelve replicates were tested to ensure good reproducibility of the results.

RESULTS

Fiber Characteristics

Some elements of the fiber composition are presented in Table T1 1. These results are in agreement with the general data on PALF published in the literature [21,30].

The SEM images of the raw fibers are shown in Fig. 

Composites Preparation

For the two extrusion conditions we tested, a final composite temperature around 2008C was recorded. A global specific energy of 372 and 275 kWh/t for 2 and 4 kg/h, respectively, was evaluated from the engine torque. SEM images of the extruded strands were taken after their fracture in liquid nitrogen. Some of these are shown in Figs. F4 4 and 5. It appears that, at 4 kg/h, the fibers were not F5 evenly distributed in the matrix. Many fibers were concentrated in the center of the strand and only a few were on the periphery. Some fibers seemed to be hardly wetted by the matrix and the adhesion did not appear to be optimal, despite the presence of PP-g-MA. Fiber aggregation and poor dispersion were also reported by Liu et al. [28] for PALF-soy-based bioplastic composites prepared by twin-screw extrusion.

In contrast, at 2 kg/h, the fibers were more homogeneously dispersed in the matrix (Fig. 5a). Nevertheless, the bundles were not dissociated (Fig. 5b) and the elementary fibers remained very few. The adhesion between the fibers and the matrix appeared satisfactory and no fiber pull-out was observed.

The dimensions of the fibers in the composites were characterized, both after extrusion and after injection. The results are shown in Table T2 2. Figure F6 6a shows that the lengths of the PALF fibers were greatly reduced during the extrusion process. As expected, the test at higher flow rate was slightly less severe because the residence time in the mixing zones was shorter [34]. Most of the reduction in length was achieved in the compounding process and the injection did not radically alter fiber lengths. In contrast, the diameters remained quite unchanged after the various steps (Fig. 6b). These results confirmed that the PALF bundles are very difficult to separate as it can be seen in Fig. 5b.

Changes in both length and diameter imply that the weight average aspect ratio, (L/D) w , is also strongly influenced by the processing conditions. From about 20 for the raw fibers, it decreased to 6-8 after extrusion and finally to 4-5 after injection (Fig. 6c). To summarize, it appears that the PALF bundles break easily during the extrusion and injection steps, but the individualization of the elementary fibers is much more difficult.

To better understand the mechanisms of fiber breakage, we have characterized the fiber dimensions at different points along the screw profile in the Case 2 (4 kg/h, 100 rpm). It can be observed in Fig. F7 7 that fibers broke as soon as they have been introduced in the molten matrix, even during flow along the first screw elements. The reduction in length increased much more during the flow through the blocks of kneading disks and up to the exit of the die.

In contrast, it can be seen in Fig. F8 8 that the fiber diameter remained more or less constant all along the screws. It confirms that the bundles were very difficult to separate. This type of behavior was also observed with sisal fibers and partly attributed to a high lignin content, 9.3% for sisal [36], similar to 7.5% for PALF (Table 1).

As the length decreased when the diameter remained constant, the aspect ratio (L/D) w also decreased along the screws, more specifically near the end (Fig. F9 9). It has been recently proposed to describe the breakage of lignocellulosic fibers during compounding by exponential laws, depending on the total strain accumulated by the fiber during the process [34,37]. The local strain is given by the product of the local shear rate by the local residence time. To apply these models to our experiments, the strain must first be estimated. This can only be done by using a theoretical model of the flow along the extruder. We used here the Ludovic V R software, proposed by Vergnes et al. [38] and already used to successfully calculate the breakage of fibers of various vegetal origins. All the details are provided in the paper of Berzin et al. [34]. Figure F10 10 presents the change in weight average length with the calculated cumulative strain. As previously shown for other fibers (flax, hemp, sisal, and miscanthus) [37], this change can be globally described by an exponential function: 

L w 5L 1 1ðL 0 2L 1 Þexp ð2k L C CÞ (1) 
where L 0 is the initial fiber length, L 1 is its ultimate length, C is the cumulative strain, and k L C is a constant, which quantifies the breakage kinetics. Even though the fit by Eq. 1 is not perfect, it allows anyway a global description of the changes in fiber length. The best fit was obtained with: L 0 5 6.43 mm, L 1 5 1 mm, and k L C 5 5 3 10 24 . The kinetic constant is of the order of magnitude of those obtained for other fibers, ranging from 1.0 3 10 24 (sisal) to 2.2 3 10 24 (flax) [37]. As discussed above, the average diameter does not depend on the cumulative strain. Consequently, the average aspect ratio displays the same behavior as the average length (Fig. F11 11) and it can be roughly approximated by the same type of law:

ðL=DÞ w 5ðL=DÞ 1 1 ðL=DÞ 0 2ðL=DÞ 1 Â Ã exp ð2k ðL=DÞ C CÞ (2) 
In this case, (L/D) 0 5 19.4, (L/D) / 5 5, and k ðL=DÞ C 5 5 3 10 24 . The kinetic constant is the same as for the average length.

Mechanical Properties

The mechanical properties of the composites were characterized in uniaxial extension. An example of experimental curves is illustrated in Fig. F12 12. As expected, the composite is stiffer with greater tensile strength, but is less ductile than the matrix (PP 1 PP-g-MA).

The main results are presented in Fig. break (c). Compared to the matrix, the composites present a higher stress at break (1 12%), a higher modulus (1 46%), and a much lower elongation at break (298%). These results are in agreement with those previously obtained with similar fibers by Kengkhetkit and Amornsakchai [25,32]. It can be noted that the results are somewhat weaker and more scattered at 4 kg/h, which can be partly explained by the poorer distribution observed by SEM. The improvement in mechanical properties due to PALF fibers is clear but could probably be maximized the length of the fibers could be better preserved, thus leading to a higher aspect ratio. This could be achieved by optimizing the process conditions, in both extrusion and injection steps, for example, by modifying screw speed and feed rate, and selecting a less severe screw profile.

CONCLUSIONS

Composites made with PP and PALF and compatibilized with PP-g-MA were prepared by twin-screw extrusion. The results show that the raw fibers are associated in bundles which are very difficult to separate during processing. In contrast, the length of the fibers is largely reduced during compounding and later on during injection, leading to a low aspect ratio. Nevertheless, the composites present improved mechanical properties with respect to the matrix, showing the reinforcement of PALF. It is thus possible to envisage potential industrial applications of this agricultural waste, for example, for the production of interior parts for the automotive industry.
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 1 FIG. 1. Screw profile and sampling locations. [Color figure can be viewed at wileyonlinelibrary.com] AQ1 COLOR ONLINE AND BW IN PRINT
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 2 PALF appear as long twisted, more or less dissociated bundles. However, individual elementary fibers are quite nonexistent. The size distributions of length L, diameter D, and aspect ratio L/D are given in Fig. F3 3. From these distributions, the average values can be calculated. We have focused here on the average values by weight, which give more significance to the high values of the distribution. The values of L w 5 6.43 mm, D w 5 181 mm, and (L/
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FIG. 3 .

 3 FIG. 3. Size distributions of the raw fibers: (a) length, (b) diameter, and (c) aspect ratio. [Color figure can be viewed at wileyonlinelibrary. com]

FIG. 6 .

 6 FIG. 6. Fibers dimensions in the composites prepared at two different flow rates: (a) weight average length, (b) weight average diameter, and (c) weight average aspect ratio.

  FIG. 7. Change in fibers weight average length along the extruder (Case 2: 4 kg/h, 100 rpm)). Line is just to guide the eyes.

FIG. 11 .

 11 FIG. 11. Change in fibers weight average aspect ratio as function of the cumulative strain. The line is a fit with Eq. 22.

FIG. 13 .

 13 FIG. 13. Mechanical properties of matrix and composite: (a) stress at break, (b) Young's modulus, and (c) elongation at break.

TABLE 1 .

 1 Main chemical constituents of PALF fiber. PC Customer A_ID: PC24475 Cadmus Art: PC24475 Ed. Ref. No.: PC-17-0484.R1 Date: 15-June-17

	Water content (55% RH) (%)	11.0 6 0.1
	Lignin (%)	7.5 6 0.1
	Ashes (5008C, 24 h) (%)	1.0 6 0.3
	Total polysaccharides (%)	69.0 6 2.5

FIG. 2. SEM pictures of the raw fibers at different magnifications.
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TABLE 2 .

 2 Fiber dimensions (weight average length L w , weight average diameter D w , and weight average aspect ratio (L/D) w ) in the composites after extrusion and injection. PC Customer A_ID: PC24475 Cadmus Art: PC24475 Ed. Ref. No.: PC-17-0484.R1 Date: 15-June-17

							Stage:	Page: 5
		After extrusion	After injection
	Extrusion	L w	D w	(L/D) w	L w	D w	(L/D) w
	conditions	(mm)	(mm)	(mm)	(mm)	(mm)	(mm)
	2 kg/h, 100 rpm	1.29	176	6.4	1.33	224	5.5
	4 kg/h, 100 rpm	1.71	185	8.3	0.98	217	4.0
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