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ABSTRACT

This study was based on the influence of lignocellulosic fillers and content on the morphology, crystal-
lization behavior and thermal, mechanical and barrier properties of fully biodegradable eco-composites
based on polycaprolactone for packaging applications. The biodegradation in soil as a function of time
was also analyzed. Composites with 5 and 15 wt% of cotton (CO); cellulose (CE) and hydrolyzed-cellulose
(HCE) were prepared by melt-mixing. It was determined that, whereas lower content of CO and CE pro-
duced a decrease on the crystallinity of the matrix, HCE did not affect it. Increasing the filler content, the
crystallinity degree of the matrix decreased at less extent, which was independent on the filler type. A
clear reduction on the theoretical melting point, attributed to heterogeneous nucleation sites, took place
for the lower content of CO and CE. Induction and half-crystallization times diminished when fillers
were incorporated but the effect was less notorious at higher filler contents. All fillers enhanced the
Young’s modulus of the matrix but the optimal mechanical properties were not obtained with HCE, as
was expected, but with CE. After analyzing the main parameters that affect the mechanical properties
of the composite; such as morphology, hydrophilicity, crystallinity, mechanical properties and thermal
stability of the fillers themselves, interface interaction, filler dispersion and thermal aspects of the com-
posites, we concluded that the parameters responsible for such behavior were the larger aspect ratio,
better dispersion and enhanced interface interaction of the CE filler. These parameters also affected the

barrier properties and the process of biodegradation in soil of the composites.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the last decades the production of biodegradable polymers
has attracted increasing attention owing to the environmen-
tal problems induced by the accumulation of plastic wastes
(Lepoittevin et al., 2002; Petersen et al.,, 1999). Polycaprolac-
tone (PCL) is a biodegradable and biocompatible polyester that
can be processed using conventional plastics machinery (Kunioka,
Ninomiya, & Funabashi, 2007; Luduefia, Alvarez, & Vazquez, 2007)
and their properties make them suitable for a number of poten-
tial applications from agricultural usage to biomedical devices
(Dubois, Jacobs, Jerome, & Teyssie, 1991). On the other hand, pack-
aging is the biggest industry of polymer processing but until now,
the relative high price and some inferior properties of the PCL
have limited their large-scale production as a substitute of tra-
ditional polymers (Kim, Kim, & Kim, 2007). Blending PCL with
other materials has been proved to be an effective and economic
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method to overcome this problem (Swapna Joseph et al., 2009;
Yu, Dean, & Li, 2006). Natural fibers are an interesting alter-
native as filler of PCL. They do not only reduce the final price
of the material, but also act as reinforcement by increasing the
mechanical properties. The main advantages of such fibers are
their good mechanical performance, low cost, renewability and
biodegradability (El-Tayeb, 2009). Plant fibers are mainly com-
posed of cellulose, hemicellulose and lignin (Akil et al., 2011).
Cellulose, which awards the mechanical properties of the com-
plete natural fiber, is ordered in micro-fibrils enclosed by the other
two main components: hemicellulose and lignin. Cellulose micro-
fibrils can be found as intertwined micro-fibrils in the cell wall
(2-20 pm diameters depending on its source). They are conformed
by nano-crystalline domains (width 5-30 nm, length of 20-60 nm)
and amorphous regions. A controlled acid hydrolysis can sepa-
rate both regions driving to crystalline domains with an elastic
modulus of 150 GPa (Nishino, 2004). Cellulose is a linear polymer
of B-(1 — 4)-p-glucopyranose units. The mechanical properties of
natural fibers depend on the type of cellulose. There are several
types of cellulose (I, II, I, IV and V), but type I the one that shows
better mechanical properties. Hemicellulose is composed of dif-
ferent types of cycled polysaccharides such as xylose, mannose
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and glucose, among others. It forms a highly branched random
structure. Itis mainly amorphous (Nishino, 2004). Lignins are amor-
phous polymers formed by phenyl-propane units. They mainly
consist of aromatic units such as guaiacyl, syringyl and phenyl-
propane (Nishino, 2004).

Semi-crystalline thermoplastic polymers have been widely used
as matrix of natural fibers reinforced composites (Belgacem &
Gandini, 2005; Bledzki & Gassan, 1999; Eichhorn et al., 2001; Freire,
Silvestre, Pascoal Neto, Belgacem, & Gandini, 2006; Huda et al.,
2005; Oksman, Skrifvars, & Selin, 2003). It is well known that the
physical and mechanical properties of semi-crystalline polymers
depend on the morphology and the structure of the crystals and
on the degree of crystallization (Cyras, Vazquez, & Kenny, 2001;
Strawhecker & Manias, 2003). Natural fibers may act as heteroge-
neous nucleation agents changing the morphology and crystallinity
of the interface regions. In the surface of the fibers a high den-
sity of nuclei is often observed resulting in a columnar crystalline
layer, known as transcrystalline layer (TCL). The TCL ceases to grow
when faced with growing spherulites from the bulk (Wang & Liu,
1999). Several parameters affect this process: the nature of the
fiber (Gray & Guillet, 1974), the surface roughness of the fiber
(Lin, Ding, & Hwang, 2001; Wang & Liu, 1999), the thermal con-
ductivity of the fiber (Cai, Petermann, & Wittich, 1997), the fiber
treatment (Son, Lee, & Im, 2000) and the processing conditions
(Huson & McGill, 1984; Yue & Cheung, 1993). These parameters
can increase or reduce the overall crystallization rate, in most cases
depending on the nature of the matrix. Regarding natural fibers,
it is not possible to study each factor separately, so, they will act
simultaneously and no prediction can be done about the crystal-
lization behavior of the matrix. Despite the importance of the TCL
on the performance of the composite, the exact mechanism for the
formation of the TCL is still unknown (Quan, Li, Yang, & Huang,
2005).

It can be found in the literature (Nishino, 2004; Chen, Liu,
Chang, Cao, & Anderson, 2009; Petersson & Oksman, 2006) that
both the Young’s modulus and strength of natural fibers show the
following increasing tendency: natural fiber < cellulose < partially
hydrolyzed cellulose < nano-cellulose domains. For that reason, the
chemical treatments used to obtain nano-cellulose from natural
fibers to employ them as reinforcement of polymeric matrices,
have received growing attention (Nishino, 2004; Chen et al., 2009;
Moran, Alvarez, Cyras, & Vazquez, 2008; Petersson & Oksman,
2006). Even so, it cannot be ignored that these treatments increase
the cost of the final material, they use hazardous solvents for the
health and the environment, and they can modify the morphol-
ogy and chemical composition of the fibers probably worsening
three of the main parameters responsible of the final performance
of the composite: the chemical compatibility; the interface inter-
action between the polymer and the filler; and the aspect ratio
of the filler (Ku, Wang, Pattarachaiyakoop, & Trada, 2011). There-
fore, when hydrolyzed-cellulose/polymer composites are going to
be characterized, the results should be compared with those of
composites prepared with the same matrix and by the same pro-
cessing steps but blending with the cellulose and natural fibers
that were chosen as raw materials to prepare the hydrolyzed-
cellulose. Several authors have analyzed the effect of natural
fibers and cellulose micro-nano-fibrils on the thermal, mechan-
ical and barrier properties of different polymeric matrices, few
of them including PCL (Angles & Dufresne, 2001; Azizi Samir
et al., 2004; Cyras et al., 2001; Dufresne, Dupeyre, & Vignon,
2000; Lonnberg, Fogelstréom, Berglund, Malmstrom, & Hult, 2008;
Ma, Yu, & Kennedy, 2005; Orts et al., 2005; Sanchez-Garcia,
Gimenez, & Lagaron, 2008; Wollerdorfer & Bader, 1998), but a
work that compares the effect of these fillers, obtained from the
same source, on the final performance of the composite was not
found.

The aim of this work was to prepare cellulose and hydrolyzed-
cellulose fillers from the same natural source (cotton) and to
produce bio-composites based on polycaprolactone with differ-
ent filler contents. Special effort will be focused in analyzing the
effect of the procedures used to prepare each filler on the main
parameters that influence the isothermal crystallization process,
the thermal, mechanical and barrier properties; and the biodegra-
dation in soil of the composites. It must be taken into account that
these are relevant aspects for packaging applications.

2. Experimental
2.1. Materials

Polycaprolactone (M, = 80,000, density = 1.2 g/cm3), supplied by
Aldrich, was used as a matrix. The fillers were: agricultural cot-
ton (CO); cellulose obtained from cotton (CE) and hydrolyzed
cellulose (HCE). Cotton fibers, which are abundant in Argentine,
are mainly composed of cellulose (80-90%), lignin (0.7-1.6%) and
hemicellulose (4-6%). Because of its high cellulose content, cellu-
lose extraction from these fibers could be a very efficient process.

Cellulose production: CO fibers were dewaxed by boiling in 2/1
ethanol-toluene liquor to liquor ratio for 2 h. Holocellulose (o-
cellulose + hemicellulose) was obtained by boiling dewaxed cotton
fibers in 0.7 wt% sodium chlorite solution at pH 4 for 2 h using a
1:50 fiber to liquor ratio. It was then treated with sodium bisul-
phite solution, followed by filtering, washing and drying at 100°C
till constant weight was reached; CE fibers were obtained by treat-
ing holocellulose with 17.5 wt% NaOH solution, filtering, washing
and drying at 100 °C until constant weight.

Hydrolyzed cellulose production: HCE fibers were prepared by the
acid hydrolysis of the obtained CE. The acid hydrolysis was carried
out with sulphuric acid (H,SO4; PA; Cicarelli) solution 60 wt% at
45 °C for 30 min under continuous stirring.

Composites preparation: an intensive mixer (Brabender type)
was used for the melt mixing of the PCL based composites with
5 and 15 wt% of each filler. The temperature, speed of rotation and
mixing time were 100°C; 150 rpm and 10 min respectively. After
mixing, samples were compression molded in a hydraulic press at
100°C for 10 min using a pressure of 50 kg/cm?. The compression
molded composites were named as 5CO, 5CE, 5HCE, 15CO, 15CE
and 15HCE, where the number is the percentage filler content by
weight and the letters corresponds to the type of filler.

2.2. Characterization

X-ray diffractometry (XRD): X-ray patterns were obtained from
a PW1710 diffractometer equipped with an X-ray generator
(A=0.154060 nm) in the range of 26 from 5 to 70° at 1°/min.

Thermogravimetric analysis (TGA): TGA measurements of fillers,
matrix and composites were carried out by using a Shimadzu TGA-
50. The samples were heated from 25 to 1000°C at a heating rate
of 10°C/min under nitrogen atmosphere.

Scanning electron microscopy (SEM): The SEM photographs of CO
and CE were taken with a scanning electron microscope, JEOL J[SM-
6460 LV instrument. Diameter and length of at least 100 fibers were
measured in order to make a statistical distribution. The surface of
cryo-fractured composites was also observed by this technique.

Field emission scanning electron microscopy (FESEM): HCE mor-
phology was analyzed in a field emission scanning electron
microscope (FE-SEM), SEIZZ SUPRA-25. Diameter and length of at
least 100 fibers were measured in order to make a statistical distri-
bution.

Water vapor absorption: 0.1 g of each type of filler was put into
glass containers and dried under vacuum at 105°C for 24 h. Tests
were carried out at 65% RH, the temperature was kept at 20°C and
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the pressure was 1atm. The water adsorbed was analyzed by Eq.
(1):

me — myg)

WA®%) = x 100 1)

Mo
where my is the initial dried mass and m; is the final mass at the
pre-determined time t.

Crystallization behavior: Isothermal bulk-crystallization mea-
surements were carried out in a PerkinElmer 7 DSC (Differential
Scanning Calorimeter) under nitrogen atmosphere. The transcrys-
tallization process was study in an optical microscopy Leica DM LB
with a hot stage Linkam THMS 600. Samples were prepared by cut-
ting films into small pieces. These samples were heated from room
temperature to 100°C at 10°C/min, kept at 100 °C for 10 min and
then quickly cooled to the crystallization temperature (43 °C) and
maintained for at least 1 h. Polarized light was used to observe the
spherulites morphology.

Mechanical properties: Tensile tests were performed in a univer-
sal testing machine Instron 4467 at a constant crosshead speed of
50 mm/min. Samples were prepared according to the ASTM D882-
91 standard. Before tests, all specimens were preconditioned at 65
RH %. Tests were carried out at room temperature. Four samples of
each material were tested.

Water vapor transmission (WVT): was determined by following
the ASTM E96-00 recommendations by using the Desiccant Method
(CaCly). The films were preconditioned in a chamber at 68% RH
and room temperature until reaching equilibrium conditions (2
days). A fan was used to maintain the air continuously circulated
throughout the chamber in order to ensure uniform conditions at
all test locations. After that, dehydrated Calcium Chloride (CaCl;)
was placed in the low chamber of an acrylic cup sealed by the sam-
ples. Thus, the corresponding RHs were 0% inside the cup and 68%
in the outside. The RH difference promotes a pressure gradient for
the vapor transmission. The weights of the assembled cups were
recorded every 12 h for 10 days. Weight versus time was plotted
for each sample and fitted by linear regression in order to calculate
the slope of the resulting line. Permeability values are reported as
WVP (g m/Pas m?) which is determined as follows:

wvp =2y A, - )] 2)

At

where AW/ At is the calculated slope (weight of water absorbed by
the cup/time interval, g/s); y is the film thickness, A is the exposed
area of the film and p; - p; is the vapor pressure difference across
the film, which is calculated on the basis of the RH and temperature
inside and outside the cup. Three samples of each material were
tested in order to ensure the reproducibility of the results.

Indoor soil burial experiments: were carried out as reported by
Di Franco, Cyras, Busalmen, Ruseckaite, and Vazquez, (2004). Basi-
cally, a series of plastic boxes (30cm x 15cm x 10cm) were used
as soil containers. Natural microflora present in soil (Pinocha type)
was used as the degrading medium. Several specimens (rectangu-
lar shape, 10 mm x 20 mm x 0.3-0.5 mm), of PCL and composites
obtained from films, were put into cups made of an aluminum
mesh to permit the access of microorganisms and moisture and
the easy retrieval of the degraded samples. The specimens into the

holders were buried at a depth of 8 cm from the surface in order to
ensure the aerobic degradation. The average room temperature was
20°Candrelative humidity was kept around 40% by adding distilled
water. Samples were removed from the soil at specific intervals
(t), carefully cleansed with distilled water and superficially dried.
After that, samples were dried under vacuum at 35 °C until constant
weight. The specimens were weighed on an analytical balance in
order to determine the average weight loss (¥WL):

wWg — W,
WL(%) = 22— "t 100 (3)
Wo
where wy is the initial mass and wy is the remaining mass at time =t¢.
All results are the average of two replicates.

3. Results and discussion
3.1. Fibers characterization

3.1.1. Diffractometry characterization (XRD)

In order to analyze the crystallinity of the celluloses, XRD pat-
terns (not shown) can be used. The crystallinity index (I;) can be
determined by using the following equation (Mwaikambo & Ansell,
2002):

(1(0 02) — I(am))

I =
‘ loo2)

x 100 (4)
where I g2 is the counter reading at peak intensity at a 20 angle
close to 22° (which is separated into two peaks at 22° and 20° as
cellulose is transformed from cellulose I to cellulose II) representing
crystalline material and Iqm is the intensity of the peak at 26 angle
close to 18° representing the amorphous part of the material in
cellulosic fibers. Table 1 summarizes the I values for all fibers. Com-
paring the results for CO and CE fibers a clear trend can be observed
since I. values increases as the reinforcement size is reduced. It
can be attributed to the extraction of hemicellulose (mainly amor-
phous) in the cotton — cellulose transformation. In the case of HCE
fibers even higher value of I, is expected due to the removal of amor-
phous regions in the cellulose — hydrolyzed-cellulose preparation
but the exact value could not be calculated since the amorphous
peak at 18° was not observed. It can be thought that this peak dis-
appeared suggesting that the I value was close to 100% but it is
not possible for this filler to reach such high value. Therefore, our
hypothesis is that the amorphous peak was masked by the more
intense and wider I(go2) peak at 22°. In such case, the value of [(gm)
in Eq. (4) can be replaced by the intensity data at 18° even when
no peak is observed and the minimum value of I for the HCE fibers
can be calculated as shown in Table 1.

On the other hand, the crystalline peak of the CE fibers was
separated into two peaks which indicate the changes from cel-
lulose I to cellulose II. Oh, Yoo, Shin, and Seo, (2005) found the
same result with alkaline treated cellulose fibers when the NaOH
concentration in the solution was higher than 15 wt%. The rela-
tive quantity of cellulose II with respect to cellulose I was near to
42% (Cely/Cel; = (Iz0) / (Iao + I22) x 100). In the case of HCE fibers
the crystalline peak is also separated into two peaks with relative
quantity of cellulose Il with respect to cellulose I close to 51%.

Table 1

Characteristics of each fiber: crystallinity index (XRD), peak temperatures (TGA) and dimensions (microscopy).
Fiber I (%) Theak (1) (°C) lyp® (pom) dyp® (pm) P (%) o> (%) 1/d (%) 1/dyy° 1/dap?
co 31 349 3870.00 + 1280.00 59.40 + 24.90 189 114 187 65.5 8.5
CE 57 349 1191.30 + 554.70 9.10 £ 3.00 127 12 125 1309 98.0
HCE >44 315 1.78 £ 0.49 0.20 + 0.08 116 15 112 9.0 7.9

2 Dimensions before processing (bp subscript) and after processing (ap subscript).

b p(%) = Par Py 100, where P is the analyzed parameter.
Py
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Fig. 1. Thermogravimetrical analysis for CO, CE and HCE: (a) TGA; (b) DTGA.

3.1.2. Thermal stability

Due to the differences in the chemical structure between hemi-
cellulose, cellulose and lignin, they usually decompose at different
temperatures. Yang, Yan, Chen, Lee, and Zheng, (2007) showed
that cellulose decomposition started at 315°C and persisted until
400 °C, while the maximum weight loss rate was reached at 355 °C.
Hemicellulose started its decomposition at 220°C and continued
up to 315°C, reaching the maximum mass loss rate at 268°C.
Finally, lignin decomposition extended to the whole temperature
range.

The TGA thermograms of each fiber can be seen in Fig. 1(a). The
main difference between the different materials is the higher resid-
ual content at 1000°C for HCE fibers. It can be a consequence of
the sulfate groups introduced by the hydrolysis with sulfuric acid,
which are suspected to act as flame retardants (Roman & Winter,
2004). Fig. 1(b) shows the DTGA analysis and Table 1 resumes the
temperatures of the characteristic degradation peaks, Tyeqx, COT-
responding to the maximum weight loss rate, for each fiber. No
difference was found comparing CO and CE may be due to the fact
that CO fibers are mainly composed of CE. In the case of HCE fibers,
the degradation peak shifted towards lower temperatures indicat-
ing lower thermal stability. Same result was found by Wang, Ding,
& Cheng (2007). Roman and Winter (2004) reported that the pres-
ence of acid sulfate groups would decrease the thermal stability of
CE because of the dehydration reaction.

3.1.3. SEM micrographs and analysis of fibers dimensions (before
and after melt mixing)

Fig. 2(a-c) shows the SEM micrographs of CO; CE and HCE fibers
before melt mixing. CO and CE fibers (Fig. 2(a and b)) exhibited
an irregular shape; however, the fibers hydrolyzed from cellulose
by sulfuric acid (Fig. 2(c)) were needle-like or rod-like fibers with
dimensions close to the nanometer scale. Even so, the diameter
of the HCE fibers is higher than that reported in the literature
for cellulose whiskers obtained from acid hydrolysis of cellulose
(Moran et al., 2008; Morin & Dufresne, 2002). One explanation is

Xzea 1\3&_;”.\_

that the fibers are partially hydrolyzed but even so it is expected
that the mechanical properties of the partially hydrolyzed fibers
will be higher than those of cellulose, which was the main moti-
vation of several authors (Azizi Samir, Alloin, & Dufresne, 2005;
Dufresne, 2006; Sir6 & Plackett, 2010), including us, for using them
as reinforcement of polymeric materials. In future works we will
look for the optimal conditions of the hydrolysis treatment to
find the desired morphology of the filler. From these figures, the
fibers dimensions (diameter and length) were statistically ana-
lyzed before and after processing. In order to carry out the after
melt mixing analysis, the fibers were extracted from 5 and 15 wt%
composites by the following procedure. The matrix was diluted in
tetra-hydrofurane (THF) at room temperature in ultrasonic bath
for 5h. Then, the fiber/diluted-PCL solution was kept at room
temperature for 24 h which is enough for filler precipitation. The
supernatant THF was extracted and the precipitated filler was dis-
persed in dymethylformamide at room temperature in ultrasonic
bath for 15 min. A droplet of the latter solution was deposited onto
a microscopy glass and evaporated in an oven 4 h at 70°. No signifi-
cant differences were found between the fibers dimensions of 5 and
15 wt% of each fiber/PCL composite. Table 1 also summarizes the
average dimensions for each fiber and the geometrical changes of
the fibers after processing. Taking into account the CO — CE trans-
formation, the diameter of the filler was more affected than its
length, thus the aspect ratio of the CE filler was improved. It can be
attributed to the defibrillation of the CO structure seen in Fig. 2(a)
as a consequence of lignin and hemicellulose extraction (Rosa et
al., 2010). In the case of HCE, both the length and diameter were
100% lower than those of CO, consequently the HCE aspect ratio was
dramatically reduced. It can be attributed to amorphous cellulose
extraction as was found by Moran et al. (2008). On the other hand,
the shear forces developed in the mixer affected more the length
than the diameter of the fillers; therefore the aspect ratio (l/d) of
the fibers was reduced in all cases. The final result was significant
lower aspect ratio for CO (8.5) and HCE (7.9) fibers than that of CE
(98.0).

Fig. 2. SEM and FESEM micrographs of the fillers before melt mixing: (a) CO; (b) CE; (c) HCE.
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Fig. 3. Water vapor absorption isotherms of CO, CE and HCE as a function of time.

3.1.4. Water vapor absorption

Fig. 3 compares the absorption isotherms of each fiber at 65%
RH, 20°C and 1 atm. It can be seen that all fibers reach the equi-
librium at the same time with a moisture content of 24, 29 and
54% for CE, CO and HCE fibers which can be associated to incre-
mented hydrophilicity. The sorption behavior is a combination of
two processes: absorption due to micro-cavities and amorphous
regions (crystalline regions are considered to be impermeable to
vapor molecules) and absorption due to the presence of hydrophilic
groups (Bessadok et al., 2009; Gorrasi et al., 2003). The results
obtained for CE fibers can be associated to the removal of amor-
phous components and to the alkaline treatment on holocellulose,
which can remove hydrophilic groups as follows:

Cotton — Fiber-OH — OH-groups exposed on the surface

Cellulose — Fiber-OH + NaOH — Fiber-O~Na* +H,0

— removal of OH-groups

Amorphous regions of the CE fibers are removed by the acid
hydrolysis, thus higher crystallinity is expected for the HCE filler.
In this case lower water vapor absorption is expected for HCE
but in this work the opposite result was obtained. Belbekhouche
et al. (2011) have also reported an unusual water vapor absorp-
tion behavior of nanocellulosic films. They observed that the first
half-sorption diffusion coefficient corresponding to the diffusion
of water through the surface of the nanoparticles was higher than
the second half-sorption diffusion coefficient more representative
of the diffusion in the core. It is an indication that the diffusion of
water is rather controlled by the surface than by the core. In such
case, the reduction on the diameter of the HCE filler is also related
to an increment on its surface area (cylindrical fibers), which may
favor the controlling mechanism for water diffusion inside HCE
fibers.

3.2. Composites characterization

3.2.1. Thermal stability

The temperatures of the main degradation peaks for all materi-
als are listed in Table 2. For low filler content (5 wt%), the thermal
stability of the matrix was not significantly affected by the pres-
ence of the fillers, showing a degradation peak around 415 °C for
all analyzed materials. In the case of 15 wt% composites, extra peaks
related to the thermal degradation of the fillers (Table 1) were
observed. At low filler contents the peaks related to the fillers are
not present because the mass of the matrix is substantially higher
than that of the fiber, thus equipments with much more sensitivity
are needed to reproduce events related to the filler.

3.2.2. Morphology (SEM)

Fig. 4(a-f) shows the surface of cryo-fractured composites. In the
case of 5CO and 5CE composites good filler dispersion was observed
(Fig. 4(a and c)). The micrograph for 15CO (Fig. 4(b)) shows regions
with dispersed fillers and some others with agglomerates while in
the 15CE composite the filler remained well-dispersed (Fig. 4(d)).
In all these cases filler debonding and pull-out is observed (less
extent for CE composites) suggesting weak interfacial strength.
Regarding HCE composites, it can be seen large filler agglom-
erates (Fig. 4(e)) being these effects more notorious for higher
filler contents (Fig. 4(f)). The agglomerates do not allow the cor-
rect matrix/filler interaction, therefore even weaker polymer/filler
interfacial adhesion than for the CO and CE composites is observed,
demonstrated by the presence of filler debonding as the failure
mechanism. We attribute this result to the high hydrophilicity of
the HCE filler (Fig. 3), and hence poor polymer/filler compatibil-
ity; and also to the incremented filler exposed surface area that
promotes the formation of hydrogen bonds between the individual
hydrophilic fibers.

3.2.3. Crystallization behavior

The most relevant parameters used to characterize the crys-
tallization behavior of PCL and composites are shortly described
here:

e Degree of crystallinity, X.:It was calculated by the following
equation

AH;

X ()= ————
er (%) wpcL x AH1go

x 100 (5a)
where AHy is the experimental heat of fusion, wpc is the PCL
weight fraction and AH1qg is the heat of fusion of 100% crystalline
PCL (136]/g (Yam, Ismail, Kammer, Schmidt, & Kummerléwe,
1999)).

Theoretical melting point, T:

It was determined by the Hoffman-Weeks method (Krikorian
& Pochan, 2004) through the extrapolation of the experimen-
tal points of Ty, =f(T¢) to the intercept with the plot of T, =T¢;
where T, is the melting temperature and T, is the crystallization
temperature.
¢ Induction time, t;:

Table 2
Characteristics of PCL and composites as a function of filler type and content: thermal degradation and experimental and modeled crystallization parameters.
Material Tpeak (tca) (°C) Xer (%)? T9 (°C) ti(s) AT=25°C ti2 (s) AT=25°C Naverage Eq (KJ/mol)
PCL 417 57 66 34 185 29+03 6.1
5CO 412 39 59 5 11 27 +0.2 4.4
15CO 355 417 47 67 19 132 3.1 +0.1 6.0
5CE 412 41 60 11 13 27+04 43
15CE 354 419 55 67 20 94 3.2+0.1 6.1
5HCE 412 54 65 23 73 3.0+0.2 5.7
15HCE 308 414 49 67 23 82 32+02 6.0
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Fig. 4. SEM micrographs of the surface of cryo-fractured composites: (a) 5CO; (b) 15CO; (c) 5CE; (d) 15CE (e) SHCE; (f) 15HCE.

Itis the time at which the first crystal nucleus appears at a given
temperature.

¢ Half-crystallization time, ty ;.

It is the time at which the relative degree of crystallinity
approaches the value of 0.5. In isothermal crystallization tests
the overall crystallization rate is expressed as (t1/2)4 (Peneva &
Minkova, 2006).

e Avrami’s model:
a=1-—exp (—k . t“) (5b)
where « is the relative degree of crystallinity at time ¢, k is the
Avrami rate constant (containing the nucleation and the growth
parameters) and n is the Avrami exponent (which depends on
the nucleation mechanism and the geometry of crystal growth)
(Avrami, 1939).

e Arrhenius’s equation:

k = ko - exp (— (5¢)

Eq
R-(T% ~To)

where kg is a pre-exponential factor, R is the universal gas con-
stant, E, is the total activation energy (Wu & Liu, 2005).

The experimental and modeled crystallization parameters are
summarized in Table 2. In the case of CO and CE composites we can
observe that the crystallinity degree, X, the theoretical melting
point, T9, the induction time, ;, and the half crystallization time,
t1/2, of the matrix decreased when 5 wt% of these fillers was added.
On the other hand, the increment of the filler content (15 wt%),
made this effect less notorious obtaining, in some cases, similar
values to that of the neat PCL. Regarding polymer/natural-fiber
composites, heterogeneous nucleation on the filler surfaces may
be the main mechanism responsible of the crystallization behavior
of the matrix. In such case, a high density of nuclei along the inter-
face hinder the lateral extension and force spherulities to growth
in one direction, perpendicularly to the filler surfaces, and result
in a columnar layer, known as transcrystalline layers; but depend-
ing on the filler nature and content, transcrystallization may be
restricted by filler-filler contacts and agglomeration which reduce
the filler exposed surface area (Cai et al., 1997; Gray & Guillet,
1974; Huson & McGill, 1984; Lin et al., 2001; Quan et al., 2005;
Son et al., 2000; Wang & Liu, 1999; Yue & Cheung, 1993). There-
fore, the values of X, T,?,, t;, and t 2 can increase or diminish with
respect to the neat matrix depending on the nucleation ability of
the filler and the filler content (Hablot, Matadi, Ahzi, & Avérous,
2010; Joseph et al., 2003; Morin & Dufresne, 2002; Pérez, Alvarez,
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Fig. 5. Optical microscopy showing transcrystalline layers on fibers: (a) CO; (b) CE. Pictures were taken at the end of 4 min of isothermal crystallization at Tc — T3 = 20°C.

Stefani, & Vazquez, 2007). Transcrystallization may reduce the final
crystallinity degree of the matrix due to the reduced mobility of
polymer chains as a consequence of the fast formation of high den-
sity nuclei on the filler surface. This phenomenon also reduces t;
and it can be expected to have the same effect on t;,, since the lat-
ter parameter is proportional to both the primary nucleation rate
and the crystal/spherulite growth. Heterogeneous nucleation can
also reduce the perfection of matrix crystallites lowering T, (Pérez
et al., 2007). Fig. 5 shows that transcrystallinity is present on CO
(Fig. 5(a)) and CE (Fig. 5(b)) fillers. It could not be seen on HCE
since it requires high resolution with controlled heating and cool-
ing system. The slight differences on X, T9, t;, and t 2 between
5CO and 5CE composites suggests that the sum of the variables
that have simultaneous effect on the transcrystallinity (this pro-
cess is favored by high filler surface-volume relation and surface
roughness, low strength and stiffness of the filler, high contents of
lignin and hemicellulose and good matrix-filler chemical compat-
ibility (Quan et al., 2005)) is similar for both. Increasing the filler
content, the nucleation is hindered as was previously explained
and the values of Xr, T, t;, and tyj, increase up to values close to
those of the neat matrix. In the case of HCE composites, heteroge-
neous nucleation occurs but the effect is less notorious than for CO
and CE composites due to the agglomeration of the filler shown in
Fig. 4(e and f). The 15HCE composite showed similar results than
that of 5SHCE. This result is attributed to the fact that at higher filler
content agglomeration can be balanced by the increased volume
fraction of the filler, so that the exposed surface area of the rein-
forcement inside 15HCE composites may be similar than that of
5HCE.

The average n value of the Avrami model and the activation
energy E, for the matrix and all materials are shown in Table 2.
The Avrami exponent, n, was around 3 for all materials. In the
ideal case, n=3 indicates spherical growth while n=2 indicates
circular disk shape growth (Reinsch & Rebenfeld, 1994; Desio &
Rebenfeld, 1992). In addition, E, exhibited the same trend as t;, and
ty); values as a function of filler type and content. Eq is the total acti-
vation energy which consists of the transport activation energy, E’,
and the nucleation activation energy, Ef (E refers to the activation
energy required to transport molecular segments across the phase
boundary to the crystallization surface and Ef is the free energy
of formation of the critical size crystal nuclei at T¢) (Wu and Liu,
2005), therefore, it is expected that E, will be strongly influenced
by transcrystallization and, consequently, it is also expected good
correlation with t;, and t;, values.

3.2.4. Mechanical properties

Table 3 resumes the mechanical properties of the composites
and the neat matrix and Fig. 6 shows the relative Young’s mod-
ulus (E¢/En) for each composite as a function of filler content. It

is clear that the incorporation of any filler drive to a decrease on
the tensile strength (o) and the elongation at break (&) as well as
an increase on the Young’s modulus (E). The best combination of
these three parameters was obtained with the 15CE composite.
It would be expected to obtain composites with higher stiffness
and strength by using HCE as reinforcement (Chen et al., 2009;
Petersson & Oksman, 2006) but stiffness is related to several factors
such as, the surface roughness (mechanical anchorage), the proper-
ties of each phase, the filler aspect ratio, the matrix/filler interfacial
strength and the dispersion of the filler inside the matrix. The prob-
ability of mechanical interlocking between the filler surface and
polymer chains is related to the reinforcement surface roughness
but no differences were observed on this parameter (Fig. 2(a and
c)). On the other hand, it is expected higher Young’s modulus as
the reinforcement scale is lower (the highest for HCE and the low-
est for CO), which is not only related to the size and perfection of the
filler but also to the presence of other components (Nishino, 2004;
Brahim & Cheikh, 2007). The same trend is expected for the strength
of these fillers. Values reported in the literature are 5.5-12.6 GPa,
30-80 GPa and up to 150 GPa for the Young’s modulus of CO, CE and
HCE respectively, and 0.5 GPa, 1.7 GPa and 20 GPa for their strength
(Nishino, 2004; Brahim & Cheikh, 2007). Furthermore, the crys-
tallinity degree of the matrix in HCE composites was the highest.
Therefore it is expected higher Young’s modulus and higher tensile
strength for the HCE composites but in this work their rigidity and
strength were even lower than those of CO composites. The main
parameters responsible of this result can be the matrix/filler inter-
facial strength, the dispersion of the filler inside the matrix and the
aspect ratio of the reinforcement (I/d). The first two parameters are
strongly dependent on the polymer/filler chemical compatibility

e HCE

: : T :
0.00 0.05 0,10 0.15
Volume Fraction

Fig. 6. Relative Young's modulus of the composites as a function of filler content.
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Table 3
Mechanical and barrier properties for the neat PCL and their composites.
Material E (MPa) o (MPa) £ (%) WVP (gm/Pasm?) x 10-11
PCL 330+ 12 19.0 £ 0.5 897 + 48 1.6 + 0.1
5C0O 428 + 46 162 £0.3 65+ 13 2.0+ 0.1
15CO 488 + 22 142 +£03 188 + 80 23+ 0.1
5CE 426 + 21 19.0 £ 0.7 572 £ 170 1.6 +£ 0.1
15CE 497 + 40 194 £ 0.9 410 £ 65 1.7 £02
5HCE 396 + 22 17.6 £ 0.5 707 + 41 1.9 +0.2
15HCE 407 + 23 12.1 £ 0.7 385+ 72 20+ 04

while the dispersion of the reinforcement may also be dependent
on the filler content.

The chemical compatibility between the matrix and the fillers
was analyzed from the experimental data of the water vapor
absorption tests (see Section 3.1 and Fig. 3). It was previously
demonstrated that the trend for the hydrophilicity of the fillers was
as follows: CE <CO <HCE which can be associated to the opposite
trend for the chemical compatibility with the PCL, which is strongly
hydrophobic. In such case it can be observed that polymer/filler
chemical compatibility followed the same trend as mechanical
properties: the highest for CE composites and the lowest for HCE.
A possible reason can be attributed to the fact that the chemical
compatibility between the components is intimately related to the
interfacial strength. The values of this parameter were not exper-
imentally analyzed in this work and not much works have been
reported on the interfacial characterization of natural fiber rein-
forced thermoplastic composites (Beckermann & Pickering, 2009).
Even so, the main failure mechanism for HCE composites was filler
debonding (Fig. 4) while CE composites showed pull out and filler
debonding but at less extent which suggests stronger interfacial
strength. It must be noted that it was the same tendency as that
for the chemical compatibility. On the other hand, the interfacial
strength is not the only parameter controlling the mechanical prop-
erties of the composites. Therefore, other parameters have to be
also analyzed to explain the observed tendencies.

The filler dispersion inside the matrix was previously analyzed.
It was demonstrated in Fig. 4 higher filler dispersion for CE com-
posites while large agglomerates was observed for HCE composites,
also according to mechanical properties results. Fig. 6 shows that in
all cases the linearity of E./Ep, as a function of the filler content is lost
at 15wt filler content, which suggests that agglomeration of the
fillers takes place. This result was more evident for HCE composites
accordingly with the previous analysis.

The morphology of the filler is another parameter to be analyzed.
After processing, the highest I/d value was obtained with the CE
filler. There exist a critical aspect ratio value (I/d). below which the
matrix-filler load transfer is not efficient. It can be approximated
by the Kelly-Tyson equation (de Morais, 2006):

l of
(a) c T2 6
where oy is the filler strength (extracted from literature (Nishino,

2004)) and t. the filler/matrix interfacial strength. 7. can be
replaced by the following expression:

— Om
Tc = 5 (7)

where o, is the matrix tensile strength. The (I//d). values were 9.3,
31.5 and 370.4 for CO, CE and HCE composites respectively while
their experimental (I/d) values after melt mixing were 8.5, 98.0 and
7.9respectively. The HCE aspect ratio (after melt mixing) shows the
major difference related to its (I/d). followed by CO. The same trend
was found with the mechanical properties of the composites.

We concluded that the observed tendencies related to the
mechanical properties of the composites were a consequence of the
combination of the above analyzed parameters: “the highest and

lowest chemical compatibility, interfacial strength, filler dispersion
and filler aspect ratio were observed for CE and HCE composites
respectively”, and this was the reason why the expected mechani-
cal behavior (highest mechanical performance for HCE composites)
was not observed.

Regarding the tensile strength of the composites, not only
the expected results about the effect of the filler type were not
observed, but also the composites showed even lower values than
that of the neat matrix. Several authors have obtained similar
results for natural fiber/polymer composites (Bourmaud & Pimbert,
2008; Singh, Mohanty, Sugie, Takai, & Hamada, 2008) but there
have been few attempts to explain the reasons. Beckermann and
Pickering (2009) experimentally analyzed the filler strength, the
interfacial strength and the critical aspect ratio of the fibers for
hemp-fiber reinforced polypropylene composites. Then, they pre-
dicted the strength of the composites by means of the Kelly-Tyson
modified rule of mixtures (Beckermann & Pickering, 2009) show-
ing that almost no reinforcement effect is observed when the aspect
ratio of the filler is ten times lower than its critical value. It must
be taken into account that this model assumes no filler-matrix
debonding, no voids in the composite and that the properties of the
matrix in the composite are the same as those of the neat matrix;
therefore the predicted values of the model may be conservative.
Furthermore, the critical aspect ratio of the HCE calculated in this
work was almost 100 times lower than its critical one, thus finally
it is not unexpected to obtain similar or lower strength with the
composites reinforced with HCE.

3.2.5. Water vapor permeability

Table 3 shows the WVP (Eq. (2)) values for PCL and composites.
It can be seen that while CO and HCE composites have higher val-
ues of WVP than the neat matrix, CE composites do not affect it.
The balance between the three main mechanisms for water vapor
transmission can be responsible for these results (Sanchez-Garcia
et al., 2008):

(1) The crystallinity degree of the matrix goes down by the pres-
ence of the filler; therefore, the matrix is more permeable to
water molecules.

(2) The presence of the filler increases the tortuosity of the pathway
for water molecules to pass throughout the sample.

(3) Weak interfacial strength and agglomeration of the filler pro-
motes the generation of voids in the polymer/filler interface
making easier the transport of the water molecules throughout
these regions.

The highest interfacial strength and dispersion of the filler was
observed for CE composites, while the crystallinity of the matrix
was the lowest one. The HCE filler did not substantially affect the
crystallinity of the matrix but their composites showed the weak-
est interfacial strength and the highest degree of agglomeration
of the filler. On the other hand, CO composites showed interme-
diate behavior for these phenomena. In all cases the WVP values
increase as a function of the filler content, which can be attributed
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Fig. 7. Biodegradation in soil, weight loss as a function of time for: (a) PCL and their 5wt% composites; (b) PCL and their 15 wt% composites.

to agglomeration. Similar results for PCL/cellulose composites were
obtained by Sanchez-Garcia et al. (2008).

3.2.6. Biodegradation in soil

Fig. 7(a and b) shows the evolution of the weight loss (WL) as
a function of time for the neat matrix and their composites buried
in soil. It can be noted that the data collection was interrupt after
the sixth month of testing for the 5 wt% composites and after the
ninth month of testing for the neat matrix and their 15 wt% compos-
ites. The reason lies on the fact that some fragments of the samples
were separated from the specimens by the action of the advanced
process of biodegradation and they could not be recovered for
weighing.

From Fig. 7(a), it can be observed that after 4400 h of soil-burial
the 5CO and 5CE eco-composites show lower weight loss than the
neat matrix and 5HCE. This effect is even more notorious increas-
ing the filler content as can be seen after 6000 h of soil-burial in
Fig. 7(b). Assuming that the main mechanism for chain scission
during the biodegradation in soil of the PCL is the chemical and
biological hydrolysis (Grima, Bellon-Maurel, Feuilloley, & Silvestre,
2000), the biodegradation process will be dependent on the water
bio-availability that promote the microbial attack and the hydrol-
ysis of the matrix, therefore, the mechanisms for which the water
uptake is favored or not are crucial to understand this phenomenon
(Alvarez, Ruseckaite, & Vazquez, 2006; Guzman, Gnutek, & Janik,
2011; Zhao et al., 2008). The following characteristics of the fibers
themselves and their effect on the properties of the matrix can
simultaneously affect the biodegradation process of the compos-
ites:

(1) The depressed crystallinity of the polymer matrix accelerates
the biodegradation process in soil because the amor-
phous regions are preferred sites for degradation (Eldsater,
Erlandsson, Renstad, Albertsson, & Karlsson, 2000; Guzman
etal., 2011).

(2) The high hydrophilicity of the natural fibers promotes the water
intake and provide a rougher support for microbial growth
(Alvarez et al., 2006).

(3) Huge fiber agglomerates can form micro-cavities promoting
the water intake but also drastically diminish the contact sur-
face between the fiber and the polymer diminishing the effect
mentioned in Section 2.

It must be also taken into account that the hydrophobic nature of
PCL makes it not compatible with hydrophilic fibers, therefore, the
fibers with higher hydrophilicity, which are supposed to acceler-

ate the biodegradation process, will also form higher agglomerates
when they are blended with PCL favoring the third characteristic.
For a better understanding of the difficulty to analyze the soil-burial
biodegradation behavior of these materials, it can be noticed that
the HCE filler did not substantially change the crystallinity degree
of the matrix but, on the other hand, it was the most hydrophilic
one and huge agglomerates were seen in the PCL/HCE composites,
while the CE and CO fillers lowered the crystallinity degree of the
PCL and showed lower hydrophilicity and better dispersion inside
the matrix. It is not possible to state which one of these 3 charac-
teristics is controlling the soil-burial behavior of the PCL and their
composites but a balance between them is responsible of the results
shown in Fig. 7(a and b).

4. Conclusions

The effect of the lignocellulosic filler type and content on the
crystallization process and mechanical properties of polycaprolac-
tone based composites has been established. It was determined
that the incorporation of a filler clearly influence the crystalliza-
tion behavior of the pure matrix in terms of the crystallinity degree,
the perfection of the crystal, the nucleation sort; the overall crys-
tallization rate and also the model parameters depending on the
reinforcement type and content.

The mechanical properties were also influenced for similar
parameters than those that affect the crystallization process but
unexpected results were obtained. The main reason was that
several parameters such as chemical compatibility, interfacial
strength, filler dispersion and filler aspect ratio were worsened in
the preparation of the high mechanical performance fibers (HCE),
therefore they were not useful as reinforcement for PCL.

The tendencies observed for the barrier properties and the
biodegradation in soil were a consequence of a balance between
the crystallinity degree of the matrix, the PCL/filler chemical com-
patibility and the dispersion of the filler inside the matrix.

The best performance was obtained with the 15CE compos-
ite which showed the highest mechanical properties and did not
change the barrier properties of the neat matrix. On the other
hand the biodegradation process was accelerated by the presence
of these filler but the effect was not severe. Therefore, this material
can be useful for packaging applications.

The obtained results demonstrated that the effort and costs
involved in the chemical treatments to prepare the HCE filler were
not justified; therefore, it is advisable to perform a similar analysis
when polymer/HCE composites are studied.
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