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In this study, the effect of fibre content on moisture absorption and thermal properties 
of pineapple leaf fibre (PALF) reinforced polylactic acid (PLA) at elevated temperature 
and humidity was assessed. The unidirectional PALF/PLA composites were fabricated 
by using pre-pregging technique and compressed moulded to produce composites with 
two fibre loadings (40 and 60 wt. %). The composite was saturated in a humidity 
chamber that contains 90% relative humidity at 50°C for 30 days. The effect of different 
fibre loading on moisture absorption was measured through moisture uptake. Their 
thermal stability and thermal characteristic were evaluated by using thermal 
gravimetric analysis (TGA) and differential scanning analysis (DSC). The result showed 
that moisture absorption increases with the increase of fibre content and follows 
Fickian Law. The presence of PALF reduces the initial thermal degradation of the neat 
PLA as well as promoted the crystallization of the PLA.  Upon exposure to the high 
temperature and humidity, the value glass transition temperature (Tg) and melting 
temperature (Tm) of the neat PLA and PALF/PLA composites shifted to the lower 
temperature possibly due to hydrolytic degradation in the composite structure. 
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1. Introduction 
 

Interest in using biopolymers and natural fibre in composite materials as possible replacements 
for traditional fuel-based polymers has been growing in the past decade due to an increase in the 
environmental concern and sustainability of the materials.  Polylactic acid (PLA) has been widely used 
due to its excellent physical and mechanical qualities, biodegradability, and accessibility [1-4]. The 
natural fibre is often utilised as reinforcement owing to its flexibility, high specific strength, low cost 
and as well as to maintaining the biodegradability properties of the composite [5-7].  
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Among the well-known natural fibre plants, pineapple leaf fibre (PALF) is by far one of the most 
promising reinforcements in biocomposites. PALF has a desirable characteristic to be used for 
reinforcement as it contains a low percentage of lignin contents (5–12 wt. %) as well as high cellulose 
content (70–82 wt. %) and low micro-fibril angle [6,8,9]. Thus, producing outstanding tensile strength 
(172-1627 MPa) while the modulus can reach up to 8.2 GPa [2,7]. However, their usage and studies 
in polymer matrix composite are still limited and have not yet garnered much attention as compared 
to more popular natural fibres such as jute, kenaf and others [10].  

The application of the degradable polymer and composite depends on their durability during 
application.  The degradation mechanism is the key factor to determine their lifetime.  It will be 
comparable to 10 years in life service should that polymeric materials can retain their mechanical 
performance for at least 60 weeks in an environment containing high humidity (90%) and 
temperature (50°C) [11,12]. The biodegradable PLA even though is hydrophobic, they are humidity 
sensitive at a higher temperature and may induce a higher hydrolysis rate. Natural fibre, being 
hydrophilic is susceptible to water absorption and may swell causing dimensional changes to the 
composite upon exposure to water or moisture. 

To our knowledge, there has not been much research on thermal stability and the influence of 
fibre loading on the thermal properties of PLA and PALF/PLA composites at high temperatures and 
humidity in the literature. Thus, in this study, moisture absorption behaviour and thermal properties 
of the PALF/PLA composites were investigated by observation of the weight intake, thermal 
gravimetric analysis (TGA) and differential scanning calorimetry (DSC) to evaluate the degradative 
manners of the composite and effect of fibre contents on their thermal characteristic.  
 
2. Methodology  
2.1 Materials 
 

The PALF fibre is used in the form of 2 plies yarn with a density of 1.526 g/cm³ (Figure 1a). The 
fibres were alkaline treated with 5 wt. % NaOH as previously reported [13]. The PLA grade 6100D is 
used as the matrix (Nature works, USA). The chemicals were purchased from Sigma Alrich (USA) with 
a 99.95 purity grade.  
 
2.2 Sample Preparation  
 

The PLA granule was dissolved in chloroform solution at a ratio of 1:2 and the mixtures were 
stirred for at least 24 hours to ensure all the PLA granule was dissolved.  PALF fibres were coated with 
the PLA solutions using an in-house pre-pregger machine and left overnight at room temperature to 
dry. PLA solution was also cast onto the glass panel to produce a thin film.  Both PLA film and pre-
pregs were then dried under vacuum for further 24 hours to ensure the complete removal of the 
solvent. The weight of the initial PALF and PALF/PLA pre-preg was measured to determine the 
amount of the PLA in each pre-preg. The aligned PALF/PLA pre-pregs and PLA thin film were layered 
in a 150 mm x 80mm x 3 mm mould and were compressed moulded at 175 °C to produce 
unidirectional composites (Figure 1b). The fabrication method has been described in detail in our 
previous study [14]. In this study, composites containing 40 wt. % and 60 wt. % PALF are used.  
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Fig. 1. (a) pineapple leaf fibre yarn, (b) unidirectional PALF/PLA  composite 

 
2.3 Moisture Absorption   
 

The neat PLA and PALF/PLA composites were conditioned at 60°C until they reached a constant 
weight. The specimens then were exposed to high humidity (90% RH) of H2O solution at elevated 
temperature (50°C) in a humidity chamber (Malvern, USA). The weight was measured at each interval 
time for the duration of up to 30 days. The percentage of moisture uptake was computed by using 
Eq. (1) 
 

Moisture uptake (%) =
Wa-Wb

Wb
 × 100                   (1) 

2.4 Thermogravimetric Analysis (TGA) 
 

Thermogravimetric analysis was used to measure changes in the weight loss while heating was 
carried out using a Mettler Toledo SDTA 851 analyser (Columbus, United State). The sample was 
heated in a programmed temperature range of 25 ᵒC to 800 ᵒC using a heating rate of 10 ᵒC per 
minute in an inert atmosphere with nitrogen flow. 
 
2.4 Differential Scanning Calorimetry (DSC) 
 

The DSC analysis was carried out in a temperature range of 30 and 220ᵒC using a heating and 
cooling rate of 10°C/min using a TA- Q200 machine.  The non-aged and ageing samples were heated 
under a nitrogen flow at a rate of 50 mL/min.  The percentage crystallinity of PLA was determined by 
using Eq. (2) 
 

Percentage pf Crystallinity  (Xc) =
∆Hm

∆Hm100
 × 100%                (2) 

where ΔHm is the melting enthalpy of the sample, the theoretical enthalpy of melting for 100% 
crystalline PLA (ΔHm100) = 93.7 J/g.  The crystallinity of PLA in PALF/PLA was estimated using Eq. (3) 
where W is the weight fraction of PLA in the biocomposites fibres [14]. 
 

Crystallinity  (Xc) =
∆Hm

∆Hm100(1-wf)
 × 100%                   (3) 
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3. Results  
3.1 Moisture Absorption 
 

The biodegradable PLA even though is hydrophobic, they are humidity sensitive at a higher 
temperature and may induce a higher hydrolysis rate. Natural fibre, being hydrophilic is susceptible 
to water absorption and may swell causing dimensional changes to the composite upon exposure to 
water or moisture. The percentage of the moisture adsorbed by neat PLA and PALF/PLA composites 
as a function of time when exposure to moisture at 50°C and 90% RH is shown in Figure 2.  In general, 
all the specimens tend to absorb moisture in a humid environment.  It can be seen that neat PLA, 
being hydrophobic materials absorb very little moisture and very gradually in the first 6 days of 
exposure time, approximately 0.62% possibly through micro-voids form in the PLA during fabrication. 
This slow absorption is sustained up to 18 days before a small increase of 1.93% at the end of 30 days 
of exposure time.  This small increase in water uptake after 18 days of the exposure is probably due 
to the formation of cracks or pores in the neat PLA specimens as a result of hydrolytic degradation 
which further facilitates the water absorption [12]. It was also observed that the rate of moisture 
absorption for the neat PLA in this study is higher than those carried out at room temperature [15,16] 
suggesting that PLA may undergo faster hydrolytic degradation at elevated temperature and 
humidity compared to room temperature [12].  

With the addition of 40 wt. % of the PALF fibre, the composite absorbed the moisture rapidly in 
the first week of the exposure, a 290% significantly than the neat PLA.  After that, the rate of 
absorption is stable till the end of exposure time (2.84%). When higher fibre loading is used (60 wt.% 
PALF), the composite absorbed a significant amount of moisture in the first 6 days of exposure time 
and showed a maximum moisture absorption (7.51%) after 30 days of exposure. The moisture 
absorption pattern of the composite showed a Fickian behaviour.  In natural fibre reinforced polymer 
composite, water transportation is facilitated by the matrix/fibre interfaces through capillary 
mechanism [17]. Therefore, composite with a higher amount of the hydrophilic phases will have a 
higher initial absorption rate as shown in the first week of the exposure period. Afterwards, the 
equilibrium moisture absorption is reached as their moisture content is almost constant with time.  
During this period, the structural damage of the PALF may give extra space for moisture absorption 
[18, 19]. 
  

 
Fig. 2. Moisture absorption for neat PLA and PALF/PLA composites as 
a function of conditioning time 
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3.2 Thermogravimetric Analysis 
 
 The thermal stability of the neat   PLA, PALF and PALF/PLA composites was carried out by TGA 
analysis and shown in Figure 3. Typically, natural fibre will have three stages of thermal 
decomposition where major weight loss occurs; 50-100°C due to moisture evaporation that presents 
in fibre [9]. The thermal degradation of PALF fibre, which occurred at 263°C led to rapid weight loss 
until it reached 392°C. This stage is related to the thermal decomposition of the hemicellulose and 
cellulose structures [20, 21]. PLA, on the other hand, is thermally stable up to 300° C, before it 
experiences a fast weight loss in a single step between 300 and 400°C. The residue obtained at the 
end of the test was 0.15%. It can be seen that the presence of the PALF reduced the thermal stability 
of the PLA.  The onset degradation for 40 wt. % PALF was reduced to about 60°C than the neat PLA. 
However, it may be noticed that with the increase of the PALF content to 60 wt. %, the onset 
degradation temperature is not significantly altered and occurred at the same temperature 
(approximately 270°C).  Thus, the composites may be produced without the risk of heat damage 
inside the machine because the PLA processing temperature used is around 175°C. At this 
temperature, the composites are reinforced with 40 wt. % PALF, for example, retained more than 96 
% of its weight. As a result, no deterioration is expected to happen during the short fabrication 
process.  
 

 
Fig. 3. TGA of PLA, PALF and PALF/PLA composites with different fibre loadings 

 
3.3 Differential Scanning Calorimetry  
 

When a semi-crystalline polymer like PLA is exposed to high temperatures and moisture, the 
amorphous portions are susceptible to hydrolysis and may alter their initial thermal characteristic. 
The DSC traces of the neat   PLA, PALF and PALF/PLA before and after conditioning is shown in Figure 
4 and Table 1. 
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Fig. 4. DSC curve of neat PLA and PALF/ PLA composites before and after 30 days conditioned at 50°C 
with 90% RH 

 
Table 1 
Thermal characteristics of neat PLA and PLA reinforced PALF 
composites before and after 30 days conditioned at 50°C with 
90% RH 
Conditions Fibre Loading  

(wt. %) 
Tg  
 (°C) 

Tm   
 (J/g) 

Xc   
 (%) 

Unaged Neat PLA 59.28 151.39 27.41 
40 60.28 149.71 28.61 
60 59.43 149.45 24.82 

Aged Neat PLA 46.03 144.08 34.42 
40 50.97 147.93 32.39 
60 56.24 143.56 30.81 

 
When polymers are exposed to increased humidity and temperature, the spherulitic growth rate, 

crystal interphase, and lamellar thickness are expected to change as a result of the free energy 
changes that occur during crystal formation [12]. After conditioning, the neat PLA show a decrease 
in glass transition temperature (Tg) and the presence of bimodal melting (Tm) after the conditioning.  
The PALF/PLA composite experience similar changes in their thermal characteristic. The reduction of 
the Tg could be due to the plasticizing of the amorphous phase by the absorbed water. Jamshidi et 
al., [20] associate the decrease of the Tg of PLA with the reduction of its molecular weight due to 
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hydrolysis suggesting cleavage of the chain at the –C–O– ester group by water molecules. The PLA 
chain becomes shortened and more mobile thus resulting in a decrease in the Tg [3].  

For both PLA and PALF/PLA composite, there is only a slight shifting observed in melting 
temperature after 30 days of exposure time. Their degree of crystallinity increased after the 
exposure. This might be due to the rearrangement of the amorphous PLA segments into the 
crystalline phase through chain scissions during the hydrolysis of PLA, known as chemi-crystallisation 
[12,23]. Micro-cracking that formed in the matrix due to fibre swelling may also facilitate water 
penetration into the composite and PLA region [23], which further plasticises the PLA and as a 
consequence, increase the PLA crystallinity.  Double melting endotherms for PLA and its composites 
are present after ageing possibly resulting from the melting of crystalline structure domains that 
contain different sizes. This suggests there is a rearrangement of the polymer chain(s) orientation 
and morphology that occurred due to the reduction of the molecular weight during the hydrolytic 
degradation process [4,24]. 
 
4. Conclusions 
 

The aligned and unidirectional PALF/ PLA composite was fabricated by using pre-pregging and hot 
compression moulding. The effect of the fibre addition on the moisture absorption and thermal 
properties of composites were studied after exposure to high humidity at elevated temperature. The 
moisture absorption behaviour in PALF/PLA followed the Fickian Law and increase with the increase 
of the fibre loadings. The composite achieved optimum moisture absorption at the end of 30-day 
conditions, possibly due to the hydrophilic nature of the PALF fibre. The presence of the PALF in the 
composite reduces the initial thermal degradation of the neat PLA approximately by 60°C. The DSC 
analysis showed that the Tg of the neat PLA did not change with the addition of the PALF. However, 
upon exposure to the high humidity and high temperature, all the samples experienced a reduction 
in their Tg and shifting of Tm to the lower temperature while the value of their crystallinity has been 
increased. This indicates that hydrolytic degradation has set in, particularly in the amorphous region 
of the semi-crystalline PLA polymer. The alteration of the thermal properties of the PALF/PLA due to 
the hygrothermal ageing exposure may have significant consequences on their mechanical 
performance. Thus, comprehensive mechanical testing is needed to properly quantify the deleterious 
effect of the moisture and elevated temperature on the PALF/PLA to diverse their application and 
prevent failure.  
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