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Department of Engineering for Innovation, University of Salento, Lecce, ltaly

This work is aimed to the development of new green composite materials by the
incorporation of natural additives into poly(vinyl) alcohol (PVA). Two additives, shredded
walnut shells and organic fraction of municipal solid waste (MW), were used to improve
the mechanical properties of PVA. Both additives, derived from food industry wastes,
were added in a PVA/water solution, which allowed to produce samples by the use
of a pressure free process. Rheological analysis was performed in order to study the
evolution of the material viscosity during thermal treatment, aimed at water removal.
Samples obtained were characterized by means of differential scanning calorimetry
(DSC), showing an improvement of the glass transition temperature brought by the
addition of walnut shells. Finally, flexural tests were carried out on samples obtained after
the incorporation of the different additives in PVA and compared with the mechanical
properties of the neat matrix. Results obtained indicate the potential improvement
brought by the addition of walnut shells, which allows increasing the flexural modulus of
about 50%, at the expenses of a flexural strength reduction of about 30%. Also, at least
for low amount of added water, the addition of MW was shown to provide an increase of
the strain at break equal to 100%.

Keywords: poly(vinyl) alcohol, mechanical properties, water content, organic waste, rheological properties

INTRODUCTION

Poly(vinyl) alcohol (PVA) is a non-toxic, water soluble thermoplastic polymer obtained from the
hydrolysis in ethanol of poly(vinyl) acetate. Unlike other polymers, which were produced starting
by their monomer, PVA is obtained by the ester interchange with methanol of acetate groups in
presence of anhydrous sodium methylate or aqueous sodium hydroxide (Saxena, 2004). Because of
its non-toxic nature, PVA is employed since the first years of twentieth century for food packaging
and medical disposals (DeMerlis and Schoneker, 2003). Also, due to its high biodegradability, PVA
is often mixed with other biopolymers for the production of hydrophilic films, or in order to
improve the mechanical response of the material (Limpan et al., 2012). As reported in PVA MSDS,
the product is not classified as environmentally hazardous, and is characterized by very low eco
toxicity toward different micro-organisms.

Because of its high solubility, PVA can be easily processed at low temperatures, through
the addition of water, which brings a liquid solution, at relatively high concentrations of PVA,
characterized by very low viscosity (Gaaz et al., 2015). In addition, PVA is characterized by very
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low cost and low gas permeability toward oxygen and carbon
anhydride. Moreover, PVA can be added to fiber reinforced
composites in order to improve the fiber- matrix interfacial
properties, through the development of strong bonds between its
hydroxyl groups and the functionalized fillers (Mallakpour et al.,
2014; Shang et al., 2015).

Despite its good behavior in terms of easy processing, low cost
and high permeability, PVA lacks adequate mechanical properties
in different lading conditions (Stammen et al., 2001): therefore,
many studies were carried out on PVA in order to improve its
mechanical properties, through the addition of different fillers.
As an example, Abdullah and Dong (2019) showed that water
absorption capacity and water solubility of nanocomposite films
were decreased remarkably by 44.24 and 48.05%, respectively,
with increasing the halloysite nanotube (HNT) content from 0
to 5 wt% when compared with those of biopolymer matrices.
However, they did not performed mechanical charcaterizations
of the PVA based composiets. On the other hand, Cadek et al.
(2002) added multiwall carbon nanotubes in different amounts
to PVA, increasing stiffness and hardness of the polymer. In
details, it was found that, by adding various concentrations of
nanotubes, both Young’s modulus and hardness increased by
factors of 1.8 and 1.6 at 1 wt% in PVA and 2.8 and 2.0 at 8
wt% in PVA (Cadek et al., 2002). Other studies were focused
on the addition of fully exfoliated graphene oxide (GO) sheets
and multi-walled carbon nanotubes (CNTs), thus obtaining a
significant improvement in mechanical properties if compared to
neat PVA films. In particular, it was shown that the yield strength
and Young’s modulus of GO-CNT/PVA composite films with
1 wt% GO and 0.5 wt% CNT have increased by 48 and 31%,
respectively if compared to neat PVA (Li et al., 2011).

Alternatively, the production of bio-composites requires the
addition of natural fillers or fibers, thus avoiding problems related
to safety and toxicological impact, still preserving the excellent
water solubility and biodegradability of PVA. Therefore, several
studies were performed on the addition of naturally-derived
reinforcements to PVA matrix.

TABLE 1 | Compositions of all the produced formulations.

Formulation Water PVA Walnut Organic fraction of
(%) (%) shells (WS) municipal solid
(%) waste (MW) (%)
W50_PVA50 50 50 0 0
W56_PVA44 56 44 0 0
W60_PVA40 60 40 0 0
W66_PVA34 66 34 0 0
W50_PVA25_WS25 50 25 25 0
W56_PVA22_WS22 56 22 22 0
W60_PVA20_WS20 60 20 20 0
W6E6_PVA17_WS17 66 17 17 0
W50_PVA25_MW25 50 25 0 25
W56_PVA22_MW22 56 22 0 22
W60_PVA20_MW20 60 20 0 20
W66_PVA17_MW17 66 17 0 17

Biodegradable cornstarch/PVA blends were prepared and
characterized by many authors. The produced blends are
characterized by a high hydrophilicity and poor mechanical
properties, which, however, can be significantly improved by the
methylation of cornstarch, as reported by Guohua et al. (2006).

Addition of methylcellulose (MC) was shown to improve the
tensile strength of about 20% (Park et al., 2001). Furthermore,
PVA nanocomposites were produced by adding Bamboo
Charcoal (BC) nanoparticles via solution casting. Authors found
an increase of lamellar size of PVA by the incorporation of BC,
which in turns allowed for significant improvement in tensile
strength and elastic modulus (Mohanad and Dong, 2018). In
details, the incorporation of BC nanoparticles enhanced the
elastic moduli of both crystalline and amorphous phases of PVA
by ~51 and ~100%, respectively (Mohanad and Dong, 2018).

On the other hand, the possibility to reinforce PVA by
means of food wastes was not yet fully investigated. The
food waste recycling for this application assumes a primary
importance, since it allows both the reinforcement of a matrix
and the increase of the efficiency of waste management with
the reduction of its negative effects on the environment
and on population. This work was therefore aimed to the
improvement of PVA mechanical properties by the addition
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FIGURE 1 | (A) Steady rate sweep tests on PVA samples with different water
contents and (B) consistency index ng as a function of water content.
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of natural fillers derived from selected food waste of from
the organic fraction of municipal solid waste (MW). The
PVA blends obtained, characterized by a very high loading
of natural fillers, where analyzed in terms of mechanical and
thermal properties.

MATERIALS AND METHODS

The PVA used in this work is Kuraray Poval 3-85, a
partially saponified grade of poly(vinyl) alcohol, supplied as fine
powder/granules with a bulk density of 0.4-0.6 gcm ™2, a degree
of hydrolysis of 84.2-86.2 mol% and a viscosity in a 4% aqueous
solution of 3.4-4.0 mPa*s at 20°C. Walnut shells (WS) and
organic fraction of municipal solid waste (MW) were obtained
by the recycling of food industry. In order to accurately control
the amount of water of the blends, all the fillers were completely
dried before being mixed with water and PVA.

Afterwards, mixtures of PVA and different additives (Table 1)
were produced by varying the water content between 50 and 65%
in weight, keeping a constant ratio 1:1 (in weight) between PVA
and the fillers (Table 1).

After mechanical mixing for 10 min at 60 rpm in a Haake
Rheocord mixer at room temperature, all the mixtures were
degassed and then poured in silicon molds and then kept in oven
at 70°C. Samples were extracted from the oven after complete
evaporation of the water, which was taken as the time necessary
for two successive weighting in time intervals of 24h differ

TABLE 2 | Fitting parameters of Equation (1) applied to the experimental curves of
Figure 1A at different water content.

% of water no (Pa*s) n-1 n

50 2725 -0.83 0.17
56 2196 —0.95 0.05
60 1873 —0.66 0.34
66 1554 —0.80 0.20

<0.1%. For comparison, mixtures with only PVA and water were
also produced.

DSC analysis was performed on a Mettler Toledo 822 (Mettler
Toledo, Greifensee, Switzerland) instrument under a nitrogen
flux of 60 mL min~!, applying an heating scan from 20 to 180°C,
with a heating rate of 10°C/min. All the tested samples had a
sample mass of 5 mg.

Rheological analyses were carried out on a Rheometrics Ares
rheometer. Steady rate tests were carried out at 70°C varying
the shear rate from 0.05 to 1 s~! for viscosity measurement at
different amounts of water. Also, dynamic temperature ramp
tests were performed on PVA samples, in order to analyze the
water evaporation during a heating scan from 25 to 70°C at
3°C/min on a parallel plate geometry, with a gap of 0.3 mm,
constant oscillatory amplitude (1%) and frequency (1 Hz).

Flexural tests were performed on 100 x 10 x 3 mm samples,
obtained after water evaporation, using a Lloyd LR5K and a
crosshead speed of 1.5 mm/min, following the standard ASTM
D790-00. Six samples for every composition were tested. Before
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FIGURE 3 | DSC analyses on neat PVA and PVA_WS.
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FIGURE 2 | Rheological analyses on neat PVA and PVA mixed with walnut
shells and municipal solid waste.
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FIGURE 4 | Void fraction for PVA samples (vy) with different amounts of water.
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testing, samples were kept for 24h at 70°C in order to allow
complete water evaporation. Finally, an optical microscope Zeiss
AXIO-LINKAM was used for the morphological characterization
of the materials. The size of the pores was obtained as an average
of 50 measurements.

EXPERIMENTAL RESULTS

Initially, rheological analyses were performed on neat PVA
samples with different amount of water, ranging between 50 and
65°C, as reported in Figure 1A.

All the samples show a pseudo-plastic behavior, characterized
by a viscosity decrease with increasing shear rate. Therefore, by
considering a power law correlation between the viscosity and the
shear rate:

1

n=mnoy"" (1)
the consistency index 7y was calculated by fitting the curves
in Figure 1B. Lorigine riferimento non ¢ stata trovata. (A).
All the samples showed a similar qualitative behavior, with
consistency index increasing by decreasing the water amount.

A B
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FIGURE 5 | ANOVA resullts for the void fraction as function of (A) type of additive and (B) water amount.
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FIGURE 6 | Stress strain curves of PVA mixtures with (A) different water content, (B) different fillers. The characteristic values of the flexural modulus, strength and
strain at break as a function of water content are reported in Figures 8A-C, respectively.
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FIGURE 7 | ANOVA analysis results: average flexural modulus as a function of: (A) type of additive and (B) water amount.

B 12004
1100
1000
900

800

E (MPa)

700 A
600
500 A

400 T T T u )
45 50 55 60 65 70

Water content (%)

Frontiers in Materials | www.frontiersin.org

July 2019 | Volume 6 | Article 177


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Ferrari et al.

PVA Biodegradable Composites

Fitting parameters found for curves at different water content are
shown in Table 2.

Results reported in Errore. Lorigine riferimento non ¢ stata
trovata. (B) show an exponential decrease of ny by increasing
water content according to Equation (2):

n=Apexp 1 +1ng (2)

where, 79 is the offset (1252.53 Pa*s), A} indicates the amplitude
(215684.81), wc is the water content and f; is the decay
constant (10.14).

However, the viscosity evolution during heating was found
to be significantly different for the different samples; results
reported in Figure2 show that, at room temperature, the
viscosity of PVA_WS is much higher than that of the two
other systems, neat PVA and PVA_MW. This is attributed to
the water absorption by neat PVA and PVA_MW, in contrast
to PVA_WS, which absorbs much lower amounts of water.
In turn, this latter result was attributed to the much higher
water amounts absorbed by both PVA and MW, compared
to WS.

Moreover, as reported in Figure2, PVA shows a marked
decrease of viscosity with increasing temperature; such decrease
is mainly due to the viscosity decrease of water during
heating. At higher temperatures (not shown in Figure 2) water
evaporation causes a significant increase of the viscosity of
PVA sample.

For PVA_MW, the slope of the viscosity curve is reduced,
indicating that the effect of water viscosity decrease
is counterbalanced by viscosity increase due to water
evaporation. For PVA_WS, a further decrease of the slope
of the curve indicates that in this sample water evaporation
occurs at much lower temperatures compared to the other
two samples.

The results of Figure2 can be correlated to the affinity
between the material and water; for neat PVA, which is water
soluble, a complete water adsorption causes a better retention
of water during heating. Therefore, water evaporation occurs
at much higher temperatures. Upon addition of MW, which
is not completely water soluble, but absorbs some water, water
release occurs, quite slowly, during heating. For WS, which does
not absorb water, water release occurs much faster during the
heating stage.

DSC analyses were carried out on neat PVA and PVA_WS
samples, in order to evaluate the glass transition temperature (T;)
of the mixture. The DSC curves are reported in Figure 3.

As shown in Figure 3, an increase in Tg from about
49°C to about 61°C was obtained with the addition of
walnut shells to PVA. In contrast, no significant change in
the glass transition was observed upon addition of MW
to PVA.

On the other hand, the development of a pressure-free process
for the production of such components poses severe issues related
to the void amount in the produced samples. To this purpose,
density measurements were performed by using a pycnometer, in
order to evaluate the density p of the component; afterwards, the

theoretical density pr of each mixture was calculated by using the
following equation:

PT= PPVAVPVA + PfVf (3)

where:

e py and ppys are the density of the filler (measured to be
0.99 g/cm? for the solid waste and 1.50 g/cm® for the walnut
shells) and PVA (1.19 g/ cm? from the materials technical data
sheet), respectively;

e vpyy and vy are the volume fraction of PVA and
fillers, respectively.

Once the theoretical density was calculated, the adimensional
void fraction vy was estimated as:
P

vy=1—— (4)
PT

Where p is the measured density of the different samples,
obtained as the average of 10 measurements. The void fraction
for the produced PVA samples obtained by the use of Equation
(4) is reported in Figure 4.

Also in view of the error bars reported in Figure 4, two-
ways analysis of variance (ANOVA) was performed on the void
fraction, considering both the type of additive and the amount
of water as the sources of variation. ANOVA results are shown
in Figure 5.

The p-value calculated for the type of additive is 1.56*1072%,
much lower than the confidence value p = 0.05, indicating
the relevant effect of the type of additive on the void fraction
of the materials. In particular, referring to the average value
estimated over the 4 levels of water amount, and reported in
Figure 5A, the void fraction of PVA is reduced upon addition
of MW, and more relevantly, upon addition of WS. Referring
to the results of Figure 2, the void fraction is strictly correlated
to the rate of water release during heating; in facts, for neat
PVA, water release is very fast, and occurs during the isothermal
step at 70°C; this results in the formation of a highly porous
structure, as observed in Figure 5A. For PVA_MW, showing an
intermediate evaporation rate, occurring at lower temperatures,
the resulting void fraction is lower than that of neat PVA.
Finally, for PVA_WS, showing a slow rate of evaporation
at lower temperatures, the lowest void fraction is observed
in Figure 5.

The average value of void fraction estimated over the 3
levels of type of additive at each level of water amount
is reported in Figure 5B, showing a void fraction increase

TABLE 3 | ANOVA analysis results on experimental data of Figures 8A-C.

Source DOF SS MS F p
Type of additive 2 5.2:106 26108  9.75%10! 1.2310~17
Water amount 3 2.01106 6.7410°  2.51*10! 6.71*10-10
Error 48 1.3*108 2.7%10%

Total 59 8.8:106
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with increasing water amount; also in this case, the behavior
can be explained by considering that, with increasing water
amount, an higher rate of steam is released during heating,
which, being partially entrapped in the sample, causes a higher
void fraction.

Flexural tests were carried out on samples with different
amounts of water, with and without filler addition, as reported
in Figures 6A,B, respectively.

Initially, data obtained for the flexural modulus were
analyzed by means of two-ways ANOVA, considering
the type of additive and water amount as the sources of
variation (factors).

The significance of each factor was tested by calculating
the F value, as the ratio of the variance between the means
to the variance of the experimental error. The F value was
then used in order to calculate the corresponding p-value,
which was then compared with the confidence level, a =
0.05. According to ANOVA, p > a, corresponds to the
null hypothesis (equivalence of the means), whereas p < «a
indicates that the population means are significantly different
(Montgomery, 2009).

Being A and B the number of levels of Factor 1
and Factor 2, respectively, the effect of each factor

and filler.
= PVA
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e = PVA_ MW
1500 ey
1200 \ T I
— \\\'\\ { ) !
EEL" 900 - e % LN, g
= T it L
4 600 e Frn,
300 g
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v
FIGURE 9 | Flexural modulus as a function of void fraction.
FIGURE 10 | Flexural strength as a function of void fraction.

was reported by estimating the Main Effects Averages
(MEA) as:

B N
Ji= DELIUin g g

7 Z?: ZQI:)’I”V! :
yj === j=1....B

Being yjj, the n-th replicate obtained at factor level i and j.

The results reported in Table 3 for the p-values, in each case
much lower than a = 0.05, indicate the statistically relevant
effect of both type of additive and water amount on the
flexural modulus.

In particular, for each constant value of water amount, the
addition of WS filler involves, an increase of the flexural modulus
compared to neat PVA. In contrast, addition of MW results in
a modulus decrease. This is highlighted in the ANOVA results
reported in Figure 7A. Increasing the amount of water involves
a decrease of the flexural modulus, as highlighted in Figure 7B.
However, in this case, the water content has a different effect on
the blends obtained with neat PVA, PVA_WS, and PVA_MW.
In facts, for neat PVA, as reported in Figure 7A, the modulus
decreases as the water amount is increased between 50 and 55%,
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after which it reaches a plateau value, and a further increase
of water amount has no significant influence on the modulus.
For the PVA_WS and PVA_MW systems, a continuous decrease
of the modulus is observed as the water amount is increased
between 50 and 65%.

Also, the results for flexural strength were analyzed by means
of ANOVA. In this case, the p-value estimated by considering
the type of additive as the source of variation is p = 1.7%10714,
which indicates the statistically relevant effect of the type
of additive. Referring to the results of Figure8B for each
water amount, addition of WS or MW involves a decrease of
flexural strength compared to net PVA. The p-value obtained
by considering the water amount as the source of variation
provides p = 4.07*1078, also indicating, according to the
results of Figure 8B, a decrease of the strength as the water
amount increases. However, the results for flexural strength,
reported in Figure 8B, show that, as previously observed for
the modulus, the strength of neat PVA decreases as the water
amount is increased from 50 to 56%, but above this value
further water amount increase does not involve any significant
change in flexural strength. In contrast, for PVA_WS and
PVA_MW, the strength continuously decreases as the water
amount increases.

ANOVA performed on the strain at break, considering the
type of additive as the source of variation, provides p =
2.27*1077, which confirms, according to the results of Figure 8C,
that the strain at break of PVA_WS is statistically lower than that
of PVA and PVA_ MW. On the other hand, when considering the
water amount of the source of variation, p = 0.6 indicates that the
effect of the water amount is not statistically significant.

In view of the results reported in Figures4, 8, the
flexural modulus was plotted as a function of the void
fraction, and the results are reported in Figure 9. Here, the
strong correlation between modulus and void fraction can
be observed.

Based on the correlation between flexural modulus and void
fraction reported in Figure9, the evolution of the flexural
modulus or strength as a function of the void fraction can be
expressed, by considering that the latter is a function of the type
of additive and water amount:

P =P (vy (AD,W)) (6)

Therefore, a variation in the materials properties as a function
of void fraction can be explained by considering the differential
form of Equation (5):

dp oP dw

dvy AW dvy

oP dAD
JdAD de

™

According to Equation (6), the evolution of a property as a
function of the void fraction can be explained by considering
the dependence of the property on the amount of water (;’—vli,)
or on the type of additive (%). This is because, in any case, as

4, W 4AD 4 re hoth different

previously discussed in Figure 4, 7 and 7=

from 0.

According to the results of Figure9, linear fit shows that
the data of PVA and PVA_WS fall on a single master curve.
According to Equation (5), this indicates that the term % is
null. Therefore, there is no direct dependence of the flexural
modulus on the type of additive; instead the type of additive
influences the void fraction, which in turn has a significant effect
on the flexural modulus. This means, according to the results of
Figure 9, that, for the same value of the void fraction, there is
no significant difference between the samples PVA and PVA_WS.
The situation when considering the PVA_MW is different; in this
case, the data do not fall on a single master curve, and therefore
the evolution of the flexural modulus can only be explained by
considering also the term ai—%, indicating that, for the same void
fraction, the modulus of PVA_ MW is lower than that of PVA
and PVA_WS.

The situation is quite different when considering the curves
for flexural strength vs. void fraction, reported in Figure 10. In
this case, the data for PVA_WS and PVA_MW fall on a single
master curve. This indicates that the effect of adding WS of MW
has no direct influence on the flexural strength; instead, different
additives have a different effect on the void fraction, which in

TABLE 4 | Average pore diameter of PVA samples.

Neat PVA PVA_WS PVA_MW

Average pore diameter (mm) 0.44 +0.08 0.20 + 0.07 1.95+0.7

FIGURE 11 | 50x magnification on PVA samples: (A) without additives, (B) with walnut shells, and (C) with mixed waste.
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turn involves a change in the flexural strength. Therefore, for the
same value of the void fraction, the flexural strength of samples
PVA_WS and PVA_MW is not significantly different. In this
case, the data of neat PVA do not fall on the same master curve,
which again can be explained by considering the term 2&% being
different from zero. In this case, for the same void fraction,
the flexural strength of PVA is higher than that of PVA_WS
and PVA_MW.

Figure 11 shows the microscopic images of neat PVA
samples (Figure 11A), PVA with walnut shells (Figure 11B)
and organic fraction of municipal solid waste (Figure 11C),
obtained with a 50X magnification. As reported in Table 4,
the average dimension of the pores decreases with the
addition of walnut shells on PVA. On the other hand,
the addition of MW involved a strong increase in the
pore dimension.

CONCLUSIONS

This work was focused on the reinforcement of PVA by the
addition of natural fillers, derived from food industry wastes. In
particular, the effect of a selected waste (walnut shells) and the
organic fraction of municipal solid waste on PVA properties was
explored. PVA samples, with and without filler addition, were
produced by the use of a pressure free process, taking advantage
of the water solubility of PVA.

The evolution of viscosity was then studied by rheological
analysis. Although a decrease in viscosity with the increase in
water content was found for all the samples, higher viscosities
were achieved with PVA with walnut shells, due to its lower
absorption of water. This in turn caused water release during
the heating stage to occur at much lower temperatures. The
release rate of water was found to deeply affect the porosity of
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