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Abstract

The performance of biocompositesof polyhydroxybutyrate-co-valerate (PHBV) and sisal
fibre subjected to hydrothermal tests at different temperatures above the glass transition
of PHBV (Tw= 26, 36 and 46 °C) was evaluated in this study. The influences of both the
fibre content and presence of coupling agent were focused. The water absorption
capability and water diffusion rate were considered for a statistical factorial analysis.
Afterwards, the physico-chemical properties of water-saturated biocomposites was
assessed by Fourier-Transform Infrared Analysis, Size-Exclusion Chromatography,
Differential Scanning Calorimetry and Scanning Electron Microscopy. It was found that
the diffusion rate increased withboth temperature and percentage of fibre, whereas the
amount of absorbed water was only influenced by fibre content. The use of coupling agent
was only relevant at the initial stages of the hydrothermal test, giving an increase in the
diffusion rate. Although the chemical structure and thermal properties of water-saturated
biocomposites remained practically inherent to hydrolytical degradation, the physical
performance was considerably affected, due to the swelling of fibres, which internally
blow-up the PHBV matrix, provoking cracks and fibre detachment.
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1. Introduction

The use of bio-based composites like lignocellulosic fibres/polymer composites as an
alternative materials are continuously increasing in several applications such as
automobile manufacturing, packaging, construction or household and agricultural
equipments. Polyhydroxybutyrate-co-valerate (PHBV) is a sustainable polyester of the
family of polyalkanoates which is produced by bacterial microorganisms. Although it is
not widely exploited in consumer markets due to its high cost, it is still an interestingly

attractive polymer as compared to conventional plastics [1].

The use of lignocellulosic fibres such a sisal fibre to reinforce PHBV biocomposites has
the advantage of reducing the production costs due to low price of cellulose fibre.
Furthermore, it is also environmentally friendly material which is derived from renewable
resources and biodegradable at the end of life time as PHBV. Nevertheless, a main
problem of using cellulose fibres in polymers is the inherent hydrophilicity of the fibres
which consequently affects to reduce the reinforcement effect. In order to overcome this
fact, surface modifications of fibre such as esterification [2], silanization [2-4] or maleic

anhydride (MA) as coupling agent [2-3, 5-8]are used.

In order to warranty the durability on PHBV biocomposites, the previous knowledge
about the influence of the ambient agents on their macromolecular properties is necessary.
In this sense, hydrothermal tests at temperatures above the glass transition stands out as
an accelerated procedure to simulate the performance of PHBV subjected to the synergic
influence of water and temperature [9-11] .Literature reports studies of hydrothermal
testing at 36 °C, in order to model human body conditions on biopolymers such as
polylactide and PHBV and their composites and blends[12-17]. In this work, the
temperature span was extended to 26 °C , and 46 °C in order to simulate different ambient
conditions: e.g. 26 °C may represent ambient temperature that can be found in agricultural
yards, since an likely application of these PHBV/sisal biocomposites may bein
agricultural fields as structural systems with low-mechanical resistance requirements and
where the biodegradability of the biocomposites can be considered an added value; and

46°C in order to simulate extremely warm service conditions.



Thus, the aim of this work was to study the physico-chemical changes undergone in the
materials during hydrothermal tests. The synergic effect of water and temperatures above
the glass transition of PHBV on the water absorption capability and diffusion rate of

PHBV/sisal biocomposites was evaluated.
2. Experimental procedure
2.1. Materials and preparation of biocomposites

Poly (hydroxybuterate-co-valerate) (PHBV) ENMAT Y1000P grade for injection
moulding was purchased from Tianan Biologic (China). Sisal fibre was supplied by Thai
Royal project (Thailand). Maleic anhydride (MA) 98% of purity (Fluka) and dicumyl
peroxide (DCP) 98% of purity (Sigma Aldrich) were used as coupling agent and free

radical initiator, respectively.

PHBYV pellets and sisal fibre (length 0.5 — 1 mm) were dried in an oven at 80 °C at least
12 hours and kept in zip bags to prevent the presence of moisture during processing. The
fibre contents in the biocomposite were formulated as 10%, 20% and 30% by weight. In
case of using coupling agent (CA), MA 2.5% and DCP 0.3% were added. All materials
were mixed in aBrabender (Germany) internal mixerduring 5 minutes at 180 °C and 50

rpm of speed.

The compounded fibre/PHBV biocomposite was ground by means of a grinder. These
granules were dried at 80 °C in the oven at least 12 hours before further compression
moulding, in order to avoid the hydrolysis degradation by moisture during the thermal
process. Squared 100 mm? biocomposite sheets were fabricated by using a compression
moulding (Fontijne Presses, Holland). The compress machine was operated under
vacuum conditions, pressing force of 100 kN, temperature of 190 °C during 2 minutes.
An integrated cooling system permitted the extraction of the biocomposites preventing
further degradation. Finally, squared 20 mm? specimens were prepared for further

hydrothermal testing and analytical characterization.



2.2. Hydrothermal testing

A normalised water absorption test reported in the 1ISO 62°, method 1 [18] was adopted
as hydrothermal environment, modifying the temperature specifications to the desired
ageing conditions. Initially, the specimens were previously dried at 50 °C in a vacuum
oven during 24 h, and then kept in a desiccator at normalized lab conditions according to
ISO 291 [19]. The samples were submerged into distilled water at three different
temperatures: 26, 36 and 46 °C during 100 h. After certain periods of time, the specimens
were removed from water, gently wiped to get rid of surface moieties, then weighed and
finally submerged back into water. The average content of absorbed water was calculated

by quintuplicate by weigh difference.
2.3. Analytical monitoring of the hydrothermal test
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The functional groups of PHBV biocomposites after hydrothermal ageing were monitored
with a FTIR spectrometer Spectrum 2000 from Perkin Elmer (Waltham, MA) equipped
with a golden gate attenuated total reflection (ATR) holder with a diamond FTIR crystal.

Each spectrum was based on 16 scans with a resolution of 4 cm™.
2.3.2 Size exclusion chromatography (SEC)

Molecular weight of PHBV and their composites were analysed by size exclusion
chromatography (SEC). PHBV sample was dissolved in chloroform (Fluka, purity of
99%) with a concentration of 3-5 mg/ml at 80°C for 2 hours. The sample solution was
filtered for removal of contaminants and fibres before injecting the sample into the SEC
column. The polymers were analysed with a VVerotech PL-GPC 50 Plus system equipped
with a PL-RI Detector and two PLgelAutosampler for PL-GPC 50 Plus, in which
chloroform was used as mobile phase (1 ml/min, 30 °C). The calibration was created using
polystyrene standards with a narrow molecular weight distribution. Corrections for the

flow rate fluctuations were made using toluene as an internal standard.



2.3.3. Differential Scanning Calorimetry (DSC)

DSC analyses were carried out by a Mettler Toledo DSC 822 instrument (Columbus, OH)
calibrated with indium and zinc standards. ~ 5 mg of pellets were placed in 40 mL
aluminum pans, which were sealed and pierced to allow the N2 gas flow (50 mL-min™).
A 10 °C-min?! heating/cooling/heating program was used in the temperature range
between -40 °C and 200 °C. DSC analyses were performed with the aid of the software
STAR®9.10 from Mettler-Toledo. The specimens were characterized at least by triplicate

and the averages of temperatures and enthalpies were taken as representative values.

2.3.4. Scanning Electron Microscopy (SEM)

The surface morphology of the specimens was analysed by means of a Hitachi S-4800
Field Emission Scanning Electron Microscope (Tokyo, Japan). The samples were cut to
small pieces and dried at 70°C for 24 h and then kept in desiccator for 48 h before SEM
sample preparation. The pieces were mounted on metal studs and sputter-coated with a 2
nm gold layer using a Cressington208HR , high resolution sputter coater (Watford, UK),

equipped with a Cressington thickness monitor controller.

3. Results and discussion.

3.1. The water absorption behavior of PHBV/sisal biocomposites

Figure 1 shows the percentage of water absorption M: for neat PHBV and its
corresponding PHBV/sisal biocomposites with and without coupling agent, at the three
hydrothermal test temperatures Tn chosen for the study. A one-step mass-uptake process
with a characteristic rapid water absorption followed by an asymptotic curve until

saturation was observed for all samples.
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Figure 1. Water absorption profiles for the PHBV/sisal biocomposites at 26 °C (a), 36 °C (b) and 46
°C (c).



The discussion of results should take into account both the influence of intrinsic factors,
such as the relative amount of fibre in the biocomposite (%f), and use of maleic anhydride
as coupling agent (CA), and extrinsic factors, such as the hydrothermal testing
temperature of analysis Tw. At a first sight to the plots, one may interpret that, as expected,
the saturation of the curves was achieved at higher values, the higher both the amount of
fibre and the hydrothermal test temperatures were. As well, the slopes of the growing
initial component of the curves were steeper in the same fashion, which may be a hint for
interpreting faster water diffusion rate. Figure 1 also remarks that the higher the
temperature of the tests was, the larger the differences among water absorption profiles

were.

The performance of PHBV/sisal biocomposites facing the hydrothermal test was then
approached by focusing the analysis on the water saturation capability Ms (%) and the
water diffusion coefficient D (m? s™) [20]. From the plots, Ms can be obtained as the
average of the experimental points at the horizontal asymptotic section. D is usually
obtained by using Eq. (1) at short t where L is the thickness of the sample, which is twice
the length of the pathway of diffusion, from the slope of the linear fitting of Mivs t¥2 L2,
as explained in a previous report [11]. The values of the saturation masses Ms and the

diffusion coefficients D are gathered in Table 1 and Table 2, respectively.

1
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Table 1. Saturation masses of PHBV/sisal biocomposites after hydrothermal tests at 26, 36 and 46
°C.

Hydrothermal test temperature (°C)
26 36 46
0 0.950=0.051 0.984=0.048 1.065=0.046
Content of fbre Use of coupling agent
(%1) NO YES NO YES NO YES
10 2.169=0.108 1.996=0.101 2.334=0.119 2.646=0.132 2.499+0.123 2.942=0.147
20 3.971=0.193 3.798=0.190 4.182=0.206 4.144=0.207 43500214 4.871=0.243
30 4.216=0.208 4.400=0.198 4.73320.237 4.991=0.250 6.227+0.311 6.488=0.324




Table 2.Water diffusion rate of PHBV/sisal biocomposites after hydrothermal tests at 26, 36 and 46

°C
Hydrothermal test temperature (°C)
26 36 46
D R D R D R
PHBV 76.71 0.950 132.83 0.986 251.72 0.991
Use of NO YES NO YES NO YES
coupling i
D R D R D R* D R D R D R
agent
10 110.14 | 0962 | 125.05 | 0983 | 174.38 | 0.988 | 237.58 | 0978 | 286.01 | 0.994 | 35785 | 0.988
Content
of fibre | 20 14539 | 00985 | 189.54 | 0.993 | 302.96 | 0.978 | 450.92 | 0967 | 540.61 | 0.974 | 90594 | 0.979
(%of)
30 159.04 | 0960 | 19420 | 0.970 | 306.80 | 0.962 | 601.32 | 0.961 | 113098 | 0.993 |[1713.55| 0.986

- 7T T
Dgivenmms -10

These results showed a general increase of Ms and D of PHBV/sisal biocomposites for
higher fibre content, use of coupling agent and temperature of tests. However, literature
shows other behaviours, depending on factors such as the nature of the filler or the
macromolecular structure of the polymer matrix. Regarding the filler, the use of nano-
hydroxyapatite on PHBV also showed an increase of Ms with an increasing content of
filler, whereas the D was reduced, since the filler acted as a blocker of the water diffusion
paths in the biocomposite [16]. Concerning the structure of the polymer matrix, studies
with PLA and subsequent recyclates showed the formation of a crystalline fraction along
the water absorption process which reduced both Ms and D, even when the hydrothermal

testing temperatures increased [11].

3.2. A statistical factorial analysis to quantify the relative influence of fibre, coupling

agent and temperature on the water absorption performance

In order to quantify the influence of the factors, i.e., fibre content, coupling agent and
hydrothermal testing temperature, on the water absorption performance of PHBV/sisal
biocomposites, a statistical factorial analysis (SFA) was applied. As was reported in
previous studies [21-22] a SFA involves the study of the influence of multiple factors on
the experimental outcome, i.e. the response can be either qualitative -i.e. categorical
variable, such as the use or not of coupling agent- or quantitative -based on discrete values
of a quantifiable variable, such as the relative amount of fibre in the biocomposite or the

hydrothermal testing temperature-.



Each factor must have two or more experimental settings or levels, so that the effect of

change in a level can be assessed on the response. Any combination of factors and levels

corresponds to a run in practical experimentation. The factors under study were the
content of fibre (%f), use of coupling agent (CA) and the hydrothermal testing temperature
(TH); whereas the water absorption capability (Ms) and water diffusion coefficient (D)

were considered as Effects in the SFA. Table 3 shows the summary of factor and levels
considered in the discussion.

Table 3. Summary of factors, levels and effects of the statistical factorial analysis performed in this

study.
Number of
Factor Type Levels Effects
levels
Percentage of
Quantitative 1 1] 10 20 30 )
fibre (%00 Water absorpion capability
(M)
Use of couplin
ping Qualitative NO YES
agent (CA)
Temperature of Water Diffusion rate (D)
Hygrothermal Quantitative 26 36 I
test (Fa)

Figure 2 shows the so-called main-effects plot [22]Jwhich shows the direct effect of each

factor on the statistical means of Ms (a) and D (b), evaluated along the different

considered experimental settings of %f , CA and Th.

ean (%)

M_-m

£

Yof

=0

CA

O

Z
oL
[
-2

T,(0)

40

36

D-means (m-s~)- 10’

]
oo
1

%f

CA = T,(0)

Figure 2. Main-effects plot of water absorption capability Ms (a) and water diffusion rate D (b) in
terms of percentage of fibre (%of), use of coupling agent (CA) and hydrothermal testing

temperatures (TH)



The percentage of fibre %f was significantly influent for Ms, while the hydrothermal
testing temperature Ty was determinant in the case of D, since the slopes were larger.

These findings were quantified, by means of Eq. 2 [21] :

E(AL|p) (%) = Z2ZECRED] 5 100 (2)
E(Lrer) |p
, Where E means the effect (Ms or D), F the factor (%f, CA or Tn) and L the level or
experimental setting of analysis. The selection of the reference level (Lrer) for each factor
is arbitrary and for convenience the a priori less affected state was chosen. The choices
were stated as follows: O for the factor %f, NO for the factor CA and 26°C for the factor

Tw. Figure 3 shows the relative variations of Ms and D due to the influence of each factor.

46 P S 3+433%
0 T YRLLL]
T”{ C) 36 PV — 127%
26
B SN 7%
cA YES i
NO
_________________________ 342%
30 Z 1+417%

%f s T9+175%

+143%

........ ' relative variation of D
7777 relative variation of M\.

Figure 3. Relative variations of MS and D from a reference state (0 for the factor %f, NO for the

factor CA and 26°C for the factor Tr)

It was observed that Ms was more affected than D in terms of percentage of fibre, which
can be attributed to the extra absorption of water promoted by the presence of fibres. On
the contrary, the effect of the coupling agent is more pronounced for the case of the D,
since it increased ~77 %, while Ms only increased ~28%. The effect of the temperature
was clearly more significant for D. In fact, D increased a ~127 % when Tx was augmented
10°C from 26°C to 36°C. Even more, this increase was bigger when the gap in temperature

was risen 20°C, up to 46°C, registering a ~433% of increase in D.
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More information can be drawn from the study of the synergic influence of a combination

of two factors. In this sense, the so-called interaction-effects plots (IEP) are useful for the

study of interactions between factors by means of the comparison of the relative strength

of the effects across factors. An interaction between factors occurs when the change in

response in terms of levels L from the low-L to the high-L of one factoris not the same as

the change in response at the same two L of a second factor. That is, the effect of one

factor is dependent upon a second factor. Figure 4 shows the IEP for Ms (sub-plots a, b,

c) and D (subplots d,e,f) interms of dual combinations between Tn, %f and CA.
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Figure 4. Interaction-effects plot of water absorption capability Ms (a) and water diffusion rate D

(b) in terms of percentage of fibre (%f), use of coupling agent (CA) and hydrothermal testing

temperatures (TH)
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The inspection of these plots offered different discussions:

(i) when it comes to the combined effect of percentage of fibre and use of coupling agent
(Figs 4a and 4d), on may note that there is no practically influence of the addition of CA
in terms of Ms, for any of the different %f formulations, while for the case of the D, it was
positively affected by the use of CA, being the difference of D improved the higher the

more amount of fibre was present in the biocomposite.

(if) considering the combined influence of percentage of fibre and temperature of
hydrothermal testing (Figs 4b and 4e), a direct effect was observed for both Ms and D
values, being particularly remarkable the increase of D experienced at 46°C for %f > 20%.
On the other hand, also the increases of Ms with temperature T were more pronounced

for biocomposites the higher the %f content was.

(iii) finally, the influence of the CA with T was also positive for both Ms and D, as can
be seen in Figs 4c and 4f, due to the role of the new chemical bonds imposed between
matrix and fibres, proactive in the performance of the biocomposites in terms of water

absorption.

3.3. The influence of the hydrothermal test on the chemical structure

Fourier-Transform Infrared (FT-IR) Spectroscopy was used to evaluate the influence of
the hydrothermal tests on the chemical structure of PHBV/sisal biocomposites after
saturation. As example, Figure 5 shows a comparison of FT-IR spectra of PHBV and
PHBYV reinforced with 10% and 30% of sisal before and after hydrothermal testing at 36
°C during 100h. The rest of materials showed similar FT-IR spectra regardless the
biocomposite composition and hydrothermal test temperature. The zoomed spectra of the
stretching vibration of the carbonyl group (~1719 cm™) and the hydroxyl group (3306
cm™®) were chosen for discussion [23,24]. As can be seen, there was a generalised
reduction of the intensity of the carbonyl peak, which might be a hint of chemical
degradation. However, the hydroxyl area does not present remarkable variations, which
may indicate that after 100 h at any of the temperatures, the chemical structure of the
matrix in the biocomposites at the surface level was not significantly affected by

hydrolysis.
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Figure5. Comparison of FT-IR spectra of PHBV and PHBV reinforced with 10% and 30% of sisal
before and after hydrothermal testing at 36 °C during 100h. The areas of the stretching vibration of
the carbonyl group (~1719 cm™®) and the hydroxyl group (3306 cm) are highlighted.

In order to quantify the extent of degradation, the carbonyl intensity index as derived from
a ratio of the intensity heights at C=0(1719 cm™)/CHs (1379 cm™) was quantified, before
and after hydrothermal test for all materials and all temperatures. The results are shown
in Figure 6. As expected, a general decrease of carbonyl index was found, being more
accused for higher hydrothermal test temperatures Tw, although somehow buffered for
PHBV/sisal biocomposites with higher amounts of fibre. The use of coupling agent did
not remarkably modify this behaviour. In any case, the variations among hydrothermally
tested materials were lower than 5%, so one may discuss that once submerged the
materials into water, the extent of chemical degradation is similar for all biocomposites,

and practically not dependent on temperature.
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Figure6. Carbonyl index for PHBV and PHBV/sisal biocomposites, both untreated and subjected to
hydrothermal testing at 26, 36 and 46 °C during 100 h.

The molar mass was a more significant parameter to monitor the impact of the
degradation medium in thebulk PHBV/sisal biocomposites. Figure 7 shows the molar
mass in number M, for untreated specimens compared with those extracted at 40 and 100
h of hydrothermal exposition. In general terms, different observations were made: (i) the
incorporation of fibres buffered the initial reduction of My observed for virgin PHBV
submerged into the water,although reduced the initial molar mass of the biocomposites
(it) the higher the amount of fibres, the lower the differences among M, of biocomposites
at different temperatures, in accordance to FT-IR results; (iii) the addition of coupling
agent resulted in a reduction of the Mqin all cases, regardless the amount of fibre in the
biocomposite; (iv) most of the degradation occurred during the first 40 h of hydrothermal
exposition, being practically irrelevant the variation of M, during the rest of the
experiment, regardless the amount of fibre and the temperature of the hydrothermal test.

14
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Figure 7. Evolution of the molar mass Mn for PHBYV and PHBV/sisal biocomposites, both
untreated and subjected to hydrothermal testing at 26, 36 and 46 °C during 40 and 100 h.

3.4. Effect of hydrothermal test on thermal properties

Differential scanning calorimetry (DSC) has been previously shown to be an interesting
technique to monitor the morphological changes and thermal properties of polymer
samples subjected to the different degradingambients [11, 23-26]. However, the DSC
spectra of the PHBV biocomposites evidenced slight variations only for the change from
neat biocomposites to those subjected to any of the three hydrothermal test temperatures,
as shown in Figure 8for the limiting cases, that is, PHBV and PHBYV reinforced with 30%
of sisal, both untreated and subjected to the hydrothermal test of 46°C during 100 h. All
samples, which showed similar profiles, regardless the fibre content, use of coupling
agent or the temperature of the hydrothermal testing temperature, lie between these DSC

spectra.
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Figure 8.DSC re-heating spectra of PHBV and PHBYV reinforced with 30% of sisal, both untreated
and subjected to the hydrothermal test of 46°C during 100 h

Table 4 and Table 5 respectively show the peak temperatures and enthalpies
corresponding to the exothermic crystallization upon cooling and endothermic melting
upon re-heating, for the untreated PHBV biocomposites and those subjected to the
different hydrothermal test conditions.
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Table 4.Crystallization temperatures and enthalpies of all PHBV biocomposites, monitored during

all hydrothermal tests.

Crystallization curve
Hydrotherms] test tenmperature (FC)
26 16 16
tual T Q) Ab, (T T, (FC) Abe (T2 T (C) ab, (T
)
0 Tc (C) =1235=01 Ah; (T g')F-10122=3 72
[3 119301 “TOEIE0.20 121501 494030 121303
FHBV
8 121801 TS A8=3 18 T206=01 T8 Ti=441 121301 —O0.B9=0 40
100 TI05=04 TR R AT T20.605 T 38=127 121803 O15T=02T
Use of CA NO YES NO YES NO YES
ta) | Te®C) | dhe Tg | Te(C) | dbe@g | TeCC) | dbelg | TePO) | Abe@g | TeCO) | Ahe {Tg | Te(C) | Abc g
" bl i bl 9 bl
] (M0) T (C) =124.220.1 4, (T £')=-86.86=2.53 (YES) Te("C)=1220=0.4 Ah.(T g')=-81.68=242
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7 : 81 : 3 o1 26 . 61
1202 - - - - 1.2 - 1192 3
100 12020 1?1-1=a 64.70=4 me 7374202 | 1198201 '11'=°' 81 '191;0 69224
7 : 51 - 2 55 37
0 (NO) Te("C) =123 620, (VES) Te(PC) =123.50.1 A, {J g')= 63.60=3.7
112.7=0. y 11920 y 112320 N 112.78=0. N 119,720 y 110.1=0 y
6 60.81=0. 61.88=3 61.02=17 N 37.08=1. 60.18=2
. 1 - 2 34 2 - 2 -
28 57 ] 3 7
Conte
mtof o - R - - - N
fibre o 28 HE2 | gy 34 .191c>=o 64334 | 11002 10101 | 275206 | Y| sozaen, lpr' 58.21=T
%) 39 - 3 3 . 15 - 16
wo | MERD ) gae | P Gong 115::0 6281224 | 118001 | 6lod=13, 119'19=” _191_=u 587820
26 - 56 ’ 1 06 : 02
0 (NO) T (FC)=122.42<0.1 Ahe (T g)=-62.70=1 23 (YES) Te(PC) =122 1201 Ah (7 gy 63,6937
1 - T T - - 1175 1 - 1 2. -
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Table 5.Melting temperatures and enthalpies of all PHBV biocomposites, monitored during all

hydrothermal tests.

Mcelting curve
Hiydrothermal testtemperature (°C)
16 36 46
tyaa () T C0) Aby T Ty CC) Ahy (T2 Tu CC) Aby (T g)
0 T (CC)=173.9320.624h,, (kT ") 10151656
6 174001 87.87+1.62 176504 8754078 176.5£0.9 99.10=0.65
PHBV
8 17539 86.51+3.57 176.2+0.3 88.52=458 177102 100.14x1.88
100 175802 88.59+32 175508 87132132 177.1:0.1 102.02+2.38
Tseof CA N0 YES NO YES N0 YES
Aby T Ahy T g Ahy T g Ahy T g Aby (g Ahy T g
ol | T, C0) bl Ty (°C) bl T, (C) N Tw (°0) Y Ty (°C) Y Tw (°0) bl
o (@I0) T ("C)=176.1£0.2 Ah,, (J g =91.74=2.08 (YES) Tw(C)=174.220.7 Ah,, (T =582.332047
10 H 1744204 | 7391195 | 16927405 | B146=0.70 | 175101 | 79.93=3.91 | 171002 | 7897131 | 175602 | 79.680.67 | 170502 | 78.09=1.12
28 174603 | 7821+033 171111 7939=039 | 1738+01 | 7821=139 [ I1712=14 | 7862379 | 174407 | 79362217 | 1710=01 | 77.76=164
100 1746204 | TBE9:0S5] 171.9:00 75.68=2.88 | 1751=1.1 | 80.94=111 [ 170.7=07 | 81.15z1.68 | 1751205 | B1.98=061 | 172.6=0.7 | 78.06=2.07
0 0 Tu("C)=1753£0.2 Ahy (J £ )= 69.8624.13 (YES) Tu("C)=173.320.2 Ahy (Jg")=73.7321.59
Content
£ Eb & 170.9=1.1 6832052 1742407 69.64=1.74 | 173605 | 60.96=084 [ 170811 | 6640=3.24 | 1744202 | 69612193 | 171605 | 60052092
of fibre 20
(%)
B 172304 | 69.741.73 1731105 T0.91=3.95 | 173801 | 7021=0.79 [ 1713=01 | 69.74=045 | 1744=03 | 69.87=1.11 | 170.6=04 | 66.35=5.38
100 172.8=04 | 6884164 173702 68.31=13 1725311 | T0.67=191 | 172.1=1.2 | 67.29=1.21 | 17359=04 | 69555338 | 1722202 | 6744=1.13
[ 0) Tw("C) =175220.1 Ahy (] £ )= 62042067 (YES) Tw("C) =173.720.1 Ak (J 2= 64132131
H 173401 | 6154£1.53 [ 171404 6222408 | 173401 | 60.87=246 | 171101 | 61.92=1.34 | 173102 | 62213596 | 1717201 | 5582432
30
28 1728201 | 63.81+0.69 171807 622709 | 1723501 | 61222079 | 171702 | 62.14=731 | 173.1=02 | 5827=023 | 171.7=04 | 55.71=5.12
100 173.520.1 | 5922+0.57 1729:10 39752055 | 173701 | 60.67=1.82 [ 173.1=04 | 63.68=148 | 173.0=18 | 50212294 | 1716202 | 63192241

As can be seen, there was a ~ 1-3 °C reduction in crystallization temperature Tc, and ~ 1-
2 °C decrease in melting temperature Ty, for all materials at any test time. When it comes
to enthalpies, there was a ~20-25 J g diminution of crystallization enthalpy (4Ac) and
~10-15 J glof melting enthalpy (4hwm), regardless the hydrothermal test temperature.
Thus, the main changes occurred when the sampleswere submerged into water, regardless
the temperature of the bath, so the PBHV biocomposites could thermally perform in a

similar way up to saturation in a wide span of hydrothermal test temperatures.
3.5. Surface effects

Scanning Electron Microscopy (SEM) was used to assess the effect of water absorption
at different hydrothermal test temperatures Tw for all PHBV/sisal biocomposites. The

influence of the amount of fibre is shown in Figure 9, where the surfaces of neat PHBV
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and biocomposites are compared for all Tx at 100 h of testing. The PHBV matrix appeared
eroded and rougher the higher the Ty was. In addition, the higher the amount of fibre was,
the lower the Ty provoked defects on the surface, in terms of cracking. Actually, some
large cracks appeared at high Tw. These results agree with those observed during the water
absorption evaluation. The higher the amount of fibre, the faster the diffusion rate and the
higher the water absorbed at saturation. The water was mainly incorporated into the fibre
structures, swelling them and therefore causing an internal blow up of the PHBV
matrixes. The fibres detached from the matrix, as is shown in Figure 10, where SEM
pictures were taken closer. This figure shows the surface of PHBV and biocomposites at
160 h of the hydrothermal test carried out at 36 °C, as an example to explain the effect of
the coupling agent. In general, both coupled and non-coupled biocomposites showed
surface erosion, detachment of fibres and cracks, so it was discussed that the coupling

agent was not a relevant factor in terms of preventing surface defects.

PHBV/20%sisal PHBV/10%sisal PHBV

PHBV/30%sisal

untreated 26°C, 100h 36°C, 100h 46°C, 100h

Figure 9.Comparison of SEM pictures of PHBV and PHBV/sisal composites untreated and at all
hydrothermal test temperatures after 100 h of testing. Pictures taken at 1.0 kV, 8.0 mm X 150,
scale= 300 microns.
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PHBV

PHBV/10%sisal

PHBV/20%sisal

PHEV/30%sisal

no CA with CA

Figure 10.Comparison of SEM pictures of PHBV and coupled and non-coupled PHBV/sisal
composites after 160 h of hydrothermal testing at 36 °C. Pictures taken at 1.0 kV, 8.0 mm X 450,
scale= 100 microns.

4. Conclusions

The influence of percentage of fibre and the use of coupling agent was assessed for
PHBV/sisal biocomposites in terms of water absorption behaviour, by focusing the
analysis on the water absorption capability (Ms) and water diffusion rate (D), by means
of hydrothermal testing at 26, 36 and 46 °C.

It was found that both the higher the amount of sisal was present into the biocomposites
and the higher the temperature of the test were, the faster the water got into the
biocomposites (higher D) and the larger the amount of water was incorporated (higher
Ms). Particularly, the percentage of fibre was more relevant in terms of water absorbed at
saturation, and temperature more determinant in terms of water diffusion (higher D). The
combination of sisal with coupling agent was relevant in terms of diffusion rate, due to
chemical bonding between matrix and fibre, but not significant regarding the amount of
water incorporated up to saturation, which was practically the same.

The performance of water-saturated biocomposites was physico-chemically assessed by
FT-IR, SEC, DSC and SEM. In general terms, only fibre and temperature were relevant
factors at this stage. It was found that the hydrothermal ambient reduced the molar mass
of the biocomposites during immersion in water, but non-relevant differences among each
temperature of the hydrothermal test were found. As well, only small variations of
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carbonyl index and thermal properties were recorded. SEM pictures showed the swelling
of sisal fibres after water absorption, which provoked internal blow-up of the
biocomposites for steric reasons and therefore cracks on the surface and fibre detaching.
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