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Mechanical properties of polymer biocomposites are influenced by the interaction between the matrix and the filler surface. In this work,
composites based on poly(butylene-adipate-terephthalate) (PBAT) filled with micrometric particles of zein-TiO, complex (ZTC) were
realized via solvent casting technique at different concentrations, equal to 0, 5, 10, and 20 wt%. After pelletization, the resulting materials
were injection molded into standard specimens, employed for the uniaxial tensile test (UTT) characterization. From the stress-strain
curves, Young’s modulus (E), yield stress (ay), stress at break (o), elongation at break (e5), and toughness (T) were collected. The
addition of the ZTC proved to show a reinforcing effect on the polymeric matrix, with an increase in both E and ¢,. Modelling of
the mechanical properties was performed by applying Kerner’s and Pukdnszky’s equations. Kerner’s model, applied on experimental
E values, returned a very good correspondence between collected and theoretical values. From the application of Pukanszky’s model
to o, the obtained B value showed a good interfacial interaction between the matrix and the filler. Due to the enhanced stiffness of

the composites, a reduction in the true stress at break (0 5) was observed. The modified Pukanszky’s model gave a B value lower

than the one obtained for the yield, but still in the range of acceptable values for microcomposites.

1. Introduction

Composite materials have been developed and widely stud-
ied in the last decades, because they allow to modify the
properties of the pristine matrix, tailoring them to the needs,
and to reduce the costs [1].

Poly(butylene-adipate-terephthalate) (PBAT) is one of
the most promising polymers in the category of biodegrad-
able materials. PBAT is a random copolyester obtained from
fossil resources but characterized by complete biodegrad-
ability [2], beside high flexibility and toughness, and
mechanical properties comparable to the low-density poly-
ethylene (LDPE) [3].

Several types of fillers, both organic and inorganic, are
used as reinforcement for polymer matrix composites.

Inorganic fillers include CaCO;, clays, layered silicates, and
glass beads, while among the organic ones, wood-based
and lignocellulosic materials are the most often employed,
thanks to their large availability, natural origin, lightweight,
and low cost [4]. In recent years, to improve sustainability
of the final products, new filler materials have been obtained
as by-products from the agri-food chain scraps, like almonds
shells and rice husk, vegetable peels, coffee grounds, egg-,
and seafood shells [5-8]. Zein is a prolamin protein derived
from corn, studied since the early 20™ century [9] and used
for the realization of edible films and coatings, but it is diffi-
cult to process due to its poor mechanical properties [10].
Recently, titanium dioxide (TiO,) has been employed as
a reinforcing agent in the realization of hybrid inorganic-
organic compounds with improved physical and chemical
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properties [11]. TiO, is an amphoteric, inert, nontoxic, and
biocompatible metal oxide, widely used as white pigment
additive (E171) in food industry [11] and as an UV-
blocking reinforcement phase in food packaging films [12].
The reinforcement of zein films with TiO, particles proved
to be successful, as obtained by Kadam et al. [13].

Since the addition of a second or even third phase mod-
ifies the tensile properties of the matrix it is added to, inter-
phase interactions are an important factor influencing the
overall properties of the composite and studying the rela-
tionship between the components is of great interest. The
best performing composites are obtained when good inter-
phase is created between the matrix and the surface of the
filler particles. By considering the properties of composites
as a combination of the properties of matrix and filler, many
theoretical models have developed relationships between the
composite tensile properties and the volumetric fraction of
the reinforcing phase. For this work, the detailed and com-
prehensive publications of Lewis and Nielsen [14, 15], Szazdi
et al. [16], Pukanszky [17, 18], and M6cz6 and Pukanszky
[1] have been taken as references for the description of the
composite mechanical characteristics. The most diffused
theories for modelling composite properties are represented
by Halpin-Tsai’s [19] and Kerner-Nielsen’s [14, 20] models
as far as elastic modulus is concerned, and by Pukdnszky’s
[18] model regarding tensile strength and interfacial adhe-
sion goodness. Starting from aforementioned ones and add-
ing system-specific considerations to obtain the best fitting,
other specific models were developed. For example, new
multiple-components models for estimation of elastic mod-
ulus were proposed [21], or the influence of carbon nano-
tubes (CNTs) aspect ratio on the parameter defining the
strength of interaction was obtained [22], considering inter-
facial shear strength as dependent on the interface stress
transfer and combining that with Pukdnszky’s model.
Another example can be represented by the development
of models for ternary composites, modifying Kerner-
Nielsen’s and Pukdnszky’s hypothesis in order to predict
tensile modulus of polypropylene (PP)/nanoclay/calcium
carbonate (CaCO;) composites and the properties at inter-
phase of PP/montmorillonite/CaCOj, respectively [23, 24].

In this work, zein and TiO, were employed to produce a
zein-TiO, complex (ZTC) to be used as reinforcing phase at
different loadings in new sustainable composite materials
based on PBAT matrix. The goal of this study is to charac-
terize the mechanical properties of the realized composites
and to assess the effectiveness of the reinforcement, analyz-
ing the predictability of properties modification and the
interaction between the two phases through the application
of Kerner’s and Pukdnszky’s models.

2. Materials and Methods

2.1. Materials. PBAT was purchased in the commercial pellet
form from MAgMa Spa (Chieti, Italy) and used without any
preliminary operations. Commercial corn zein was pur-
chased from Merck-Sigma (Darmstadt, Germany), and
TiO, was purchased in the rutile form Carlo Erba reagents
(Milan, Italy).
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The ZTC complex was prepared with a composition of
1:1 of zein to TiO,. Zein was first dissolved in ethanol
(EtOH—Sigma-Aldrich, St. Louis, MO, USA) at 50°C, then
TiO, was added under constant stirring, until the solution
became white and homogeneous. The solution was therefore
cast and dried in an oven at 60°C for 16 h to allow complete
evaporation of the solvent. Once obtained, the thin film was
ground by a planetary mill (Pulverisette 0, Fritsch, Idar-
Oberstein, Germany) to achieve a fine powder and finally
sifted (stainless steel sieve, Giuliani Technology Srl, Turin,
Italy) to a size below 25 ym.

The PBAT-ZTC composites were obtained trought a sol-
vent casting method following three main steps. First, the
PBAT was dissolved in chloroform (CHCl,—Sigma-Aldrich,
St. Louis, MO, USA) by means of a magnetic stirrer for few
hours and the ZTC powder dispersed in the same solvent in
a separate container with the same method. The polymer
solution and the filler suspension were then mixed to obtain
a homogeneous phase that was cast and spread onto a non-
stick surface to ensure a small thickness and allow the easy
evaporation of the solvent. Lastly, after 12 h under an extrac-
tor hood, the film was removed from the surface, manually
reduced to pellets, and desiccated at 80°C up to constant
mass to eliminate any solvent residues. The composites were
realized at four different concentrations: 0, 5, 10, and 20 wt%
that were named PBAT, PBAT+5% ZTC, PBAT+10% ZTC,
and PBAT+20% ZTC, respectively.

The pellets obtained from this process were utilized for
the injection molding of standard specimens (UNI EN ISO
527), through a MegaTech H7/18-1 machine (TECNICA
DUEBI S1l, Italy), for mechanical characterization.

2.2. Tensile Test. To carry out the UTT, a TesT dynamome-
ter (Model 112, TesT GMBH Universal Testing Machine,
Germany) was employed. The specimens were locked at
both ends and subjected to a constant tensile speed of
100 mm/min up to failure. The test was repeated on at least
seven specimens for each composite material.

From the stress-strain curves, averaged values of Young’s
Modulus (E), yield stress (0},), stress at break (o), elonga-

tion at break (e5), and toughness (7)) were calculated.

2.3. Composite Modelling. Reinforcing agents and the poly-
meric structure often create interactions of different nature,
given their different chemical structure. It is therefore essen-
tial to understand and predict how and in what amount the
addition of the fillers affects the properties of the matrix.

2.4. Tensile Modulus. Halpin developed a simplified model
to predict the elastic modulus in composites filled with short
fibers [25]. The model assumes that the fibers are aligned
and oriented parallel or perpendicular to the direction of
the stress applied, and the elastic moduli of the composites
in the two cases are expressed by E; in Equation (1) and
E; in Equation (2), respectively, [26]:

EI:Em(l—gof) +E,p;, (1)
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(2)

where EP and E,, are, respectively, the filler and matrix mod-
uli, ¢ is the volumetric fraction of the filler, and the param-

eter & represents the particles aspect ratio. 3 is a parameter
defined as B =[(E,/E,,) — 1]/[(E,/E,,) +&].

A similar model was developed by Kerner, who exten-
sively studied elastic properties of composite materials
[20]. Kerner’s equation can be expressed in the form of the
following equation [15]:

b: _ (1+AC<pf> 6)
E, (I—C(pf) ’

where E’ and E, are the elastic moduli of the composite and
matrix, respectively; ¢, is the volumetric fraction of the filler
phase; A=(7-5v)/(8-10v) considers the spherical
geometry of the filler and the Poisson ratio v of the matrix;
C is defined, analogously to the former [ parameter, as
C=[(E,/E,,) = 1/[(E,/E,,) + A] and takes into account
the relative elastic moduli of the phases.

Lewis and Nielsen [14, 15] modified Kerner’s model,
pointing out that important factors, like the packing of the
filler particles y, were neglected. y formulation is given as
a function of ¢; and the maximum packing factor of the

filler ¢,,: y =1+ ¢[(1-9,,)/(¢;,)]-
Generalized Kerner’s equation was then proposed such
as in the following equation:

E_/ = M (4)
E(,) (1 - 1//C(pf> .

Generally, an increase in stiffness is expected when a
matrix is filled with a reinforcing agent.

For this work, modelling of Young’s modulus was made
applying generalized Kerner’s model (Equation (4)) to com-
pare experimental values obtained from the mechanical
analysis with predicted calculated values.

¢; was calculated as ¢ = (g;/p;)/[(9//pf) + (Gl Prn)]
(with p; and p,, the experimental values of the filler and
the matrix), and y was calculated considering ¢,, equal to
0.632 (randomly close packed nonagglomerated spherical
particles). v had been experimentally calculated to be 0.46
by means of noncontact optical digital image correlation
(DIC) technique. The modulus of the ZTC was experimen-
tally calculated by dynamic mechanical analysis (DMA).

Table 1 summarizes the values of the parameters used
for the application of Kerner’s model.

The values of E '/E(') calculated with Equation (4) were
plotted against the volumetric fraction of the filler and over-
plotted with the experimental values of relative moduli,

TaBLE 1: Values of material parameters used in Kerner’s equation.

Parameter Value Method

E, 92 MPa Experimental by UTT

E, 3900 MPa Experimental by DMA

o 1.26 g/cm’ Tabulated in PBAT datasheet

P¢ 1.93g/cm®  Experimental by granulometric analysis
v 0.46 Experimental by DIC technique

P 0.632 Tabulated in [27]

expressed as the ratio between the moduli of the composite
and the matrix.

Developed models allow to analyze tensile stresses as
well as elastic modulus.

2.5. Yield Strength. A simple model to predict the yield
strength as a function of the filler content was proposed by
Nicolais and Narkis [28]. The model supposes that the pres-
ence of the filler reduces the cross-sectional area, and the
load during deformation is carried by the only continuous
phase, that is, the matrix. In the case of composites filled
with uniformly dispersed spherical particles, the Nicolais
and Narkis’ equation is expressed as

Gye =0y (1 - 1.21<p]2/3), (5)

where 0, .
and of the unfilled polymer, respectively. Equation (5), how-
ever, lacks in considering interaction between the particles
and the matrix, assuming “no adhesion” therefore, the
results often deviate from the predictions [1, 28].

A modification from the previous model was presented
by Pukénszky et al. [29], who made some adjusting consid-
erations about the cross-section and came up with the fol-

lowing expression:

and 0, are the yield stresses of the composite

1- op
%= Ty 759, P (B9r). (6)

where 0, and 0, are the yield stresses of the composite and

matrix, respectively.
In this work, Equation (6) was applied in its linearized
form:

oy<1 +2.5<pf)

log (ay,,el) =log . (1 -, )
»0 f

=Begy, (7)

so that in the semilogarithmic plot of log (0, ) against Pp

straight lines should be obtained. B value can be acquired
by the slope of the fitting line.
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FIGURE 1: Specimens obtained by injection molding without sprue, before (a) and after (b) tensile test; top down: PBAT, PBAT+5% ZTC,

PBAT+10% ZTC, and PBAT+20% ZTC.

In Pukanszky’s model, B is an empirical parameter that
considers the strength of interactions defined as

o..
— yt
B= (1 +Afpfl) In o (8)

Equation (8) features the extension of the interfacial
surface (Af), the thickness (I), and strength (O‘yi) of the
interphase.

The composition dependance of the tensile properties at
break is also discussed. It can be expressed through a modi-
fication of Equation (6):

Opr=03B7T lml_i(Pf €xp (Bbq) >> )
: T 142,59, f

where o and 01, o are the true tensile stress at break of
the composite and the corresponding true tensile stress at
break of the matrix, respectively. Tensile stress is an engi-
neered quantity that refers to the initial cross-section and
does not consider that the cross-section varies during
deformation. In the calculation of stress at break, engi-
neered tensile strength o must be converted into true
stress o =0°A as a function of relative elongation A=
L/ly, with L=1[;+ Al the actual length and I, the initial
length of the specimen, respectively. oy . =0y /A" is
the true tensile stress at break of the PBAT matrix
(0,7, =0¢*A), where A"is a correction factor characterizing
the strain hardening tendency happening in the polymer struc-
ture during deformation by means of the parameter n [18].

n value was derived from the slope of the last section of
the true tensile curve, obtained plotting log (o) vs. log (1),
as a mean value of seven replicates.

Rearranging Equation (9), Equation (10) is obtained and
linearized such as in Equation (11):

Our (1 + 2.5(/)f>
/\nOB,TOrel (1 - (Pf)

OB Tred = =exp <Bb§0f)’ (10)

log (GB,Tred) =Bb(Pf' (11)

Therefore, comparably to the yield stress, plotting log
(0B,rrea) as a function of ¢, a straight line was obtained,

the slope of which gives the B, value at break.

By, is defined analogously to Equation (9) but it can
assume a different value from that determined by the yield
stress. Usually, both elongation and strength decrease with
increasing filler content but sometimes reinforcing effects
are observed [1].

As it is clear from the formulation of B, the properties of
heterogeneous materials are influenced by many factors,
four the main ones: the properties of the single components,
the composition, the structure, and the interfacial interac-
tions [16]. In particular, the quality of the interaction is gen-
erally measured in terms of strength and thickness of the
interphase [30], and in the case of Pukanszky’s model, it is
indeed given by the value assumed by B.

Pukdnszky’s and modified Pukdnszky’s models were
applied in the forms of Equation (7) and Equation (11),
respectively, to analyze the trend of experimental tensile
properties in comparison with the theoretical calculated
values and to investigate the extension of the interphase
interaction.

2.6. Scanning Electron Microscopy. The microstructure of the
materials was investigated through scanning electron micros-
copy (SEM), performed with a Field Emission Gun SEM
(FESEM, Nova NanoSEM 450, FEI company, USA). The
samples were prepared by previously breaking the specimens
in liquid nitrogen in cross-sectional direction, to have an
observable fracture surface as smooth as possible.

3. Results and Discussion

3.1. Tensile Test Characterization. Figure 1 represents the
specimens before (a) and after (b) the tensile test.

Already from the casting of the polymer-chloroform
solution, it was evident that the ZTC addition influenced
the PBAT appearance from a partially clear white to an
opaque cream white color even at the lowest concentration
of filler.

The stress-strain curves of PBAT and PBAT-based com-
posites are represented in Figure 2. A color scale will be
adopted throughout the paper in which to a darker shade
corresponds a more loaded composite.
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FIGURE 2: Stress-strain curves of PBAT and PBAT composites obtained by UTT.
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FiGure 3: Comparison between experimental Young’s moduli of
PBAT composites and the corresponding theoretical values,
calculated with the Kerner’s model.

PBAT-ZTC composites proved to be tough materials,
with an initial linear elastic section, followed by a yielding
peak that corresponds to the beginning of plastic deforma-
tion. After yielding, a zone where the stress remains fairly
constant corresponds to the propagation of the necking
along the whole central section of the specimen, due to the
alignment of the polymer chains along the tensile axis.
Finally, an increase in the stress values is observed up to
the specimen failure.

The ZTC addition shows a reinforcing effect in terms of E
and 0,,. In particular, with the increase of filler content, incre-
ments up to 44 and 10% are observed for E and o, respec-

tively. Besides, the overall reduction of 27, 33, and 42% of,
respectively, 0, €5, and T can be noted. Numerical values of
discussed parameters are shown in Supplementary Table 1.
Increase in E values is mainly due to the addition of a
stiffer component compared to the matrix (reference to E,
and E,, can be found in Table 1) [19, 27, 31]. Another com-
monly reported explanation for this behavior is the mechan-

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

log (ij,rzd)

T
0.00

PR I S I ST NI S B N
B .

LA B L B B L B B B L R
0.05 0.10
(pf[cm3/cm3]
e 0,4 experimental values

Linear fitting curve

F1GURE 4: Relative tensile stress at yield, 0, ., calculated according

Jrel>
to the Pukanszky’s model, as a function of the ZT'C volumetric

fraction.

ical restraint the filler particles create to the polymer chain
mobility during tensile conditions [32]. A decrease in flexi-
bility is the main downside mostly obtained in front of the
reinforcement.

On the other hand, an important result is the o,, increase
with increasing the filler content, since it is only occasionally
obtained [33]. This might be due to the formation of a strong
interface layer between the surface of the ZTC and PBAT. Dis-
cussion about this last hypothesis will be carried out through
the analysis of composite modelling results and SEM images.

3.2. Composite Modelling. The E increase can be modelled by
applying Nielsen-Lewis’ formulation of Kerner’s equation
(Equation (4)). According to this model, E can be predicted
for composites filled with homogeneously dispersed spherical
particles.

In Figure 3, the experimental moduli, expressed as ratio
between the composite (E') and the neat polymer (E )
values, are compared to the theoretical predicted values.



Material Design & Processing Communications

6
2.0
1.5 4
2
S 104
o0
2
0.5
00
0.0 0.2

PBAT
PBAT+5% ZTC

0.4 0.6 0.8

log (1)
PBAT+10% ZTC
—— PBAT+20% ZTC

FIGURE 5: True stress-strain curves of PBAT-ZTC composites.

0.40

035
0.30 - +

0.25 4

020 %
0.15 - e

0.10 - %

0.05 ] )
0.00 +

0.00 0.05 0.10

log (GB, Tred)

s [cm®/cm’]
® Op 7. experimental values
»»»»»» Linear fitting curve

FIGURE 6: Relative tensile true stress at break, o 4, calculated
according to the modified Pukdnszky’s model, as a function of the
ZTC volumetric fraction with linear fit.

Very good correspondence is found between the two series,
even at high ZTC concentration. Deviations from Kerner’s
prediction might happen when filler acts as net points and
thus the composite cross-linking increases: higher values of
relative modulus are usually obtained compared to those
expected by the application of Kerner’s model [34]. In such
a case, it has been reported that more reliable predictions
can be achieved by modelling the E behavior with Halpin-
Tsai’s equation (Equation (2)), where with increasing the
parameter &, the difference between experimental and pre-
dicted data can be reduced [35].

The reinforcing effect really depends on the characteris-
tics of the filler and matrix. A larger reinforcement is
obtained when a stiff filler is added to a flexible matrix, like
in elastomers, obtaining an increase in both stiffness and
strength [1]. On the other hand, when added to a stiffer
matrix, the effect of the reinforcement is less obvious [16].
Concerning the composition, one of the main goals is the
realization of composites with the best compromise between

reduction of pristine matrix costs and optimization of
mechanical properties.
0, was analyzed through the application of Pukéanszky’s

model (Equation (7)). In Figure 4 experimental 0, values
of PBAT-ZTC composites are shown as a function of ¢;.

The slope of the fitting line returns a B value of 4.06 + 0.12,
validating a positive interphase interaction.

Generally, B values characterizing efficient reinforce-
ment are included in a wide range, going from 2 to 15
[16]. To cite some valuable examples taken from recent
works on the characterization of biocomposites, B values as
extrapolated by Pukanszky’s Equation (8) were reported to
be equal to 2.10 for poly(lactic acid) (PLA) filled with hemp
particles wastes [36] and 2.19 and 3.32 for poly(3-hydro-
xybutyrate-co-hydroxyhexanoate) (PHBH) and poly(3-
hydroxybutyrate-co-hydroxyvalerate) (PHBV) filled with
wine lees wastes, respectively [37].

In other cases, deviation from linearity might occur,
and common explanations for this situation consist in
structural effects, as the aggregation of the filler, reduc-
ing interfacial area and negatively influencing the inter-
action between phases, up to obtain negative values of
B [16, 38, 39].

Being a measurement of the strength of interaction,
higher values of B represent a better adhesion between the
surface and the matrix, indicating the formation of a stron-
ger interphase layer, with effective stress transfer from the
matrix to particles [40]. Vice versa when B assumes low
values it denotes poor interaction between matrix and filler,
reducing the load-bearing capacity of the cross-section, lead-
ing to a decrement of mechanical properties of the
composites.

As already introduced, ultimate tensile properties can
be modelled in a similar way to yield stress, applying a
modification to Pukénszky’s model (Equation (11)). Strain
hardening is represented by # in the A" term. n was cal-
culated considering the slope of the curve section for log (1)
> 0.5: a linear fit was applied, obtaining a constant slope of
n=1.588.
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F1GURE 7: SEM images of PBAT (a), PBAT+5% ZTC (b), PBAT+10% ZTC (c), and PBAT+20% ZTC (d) at a magnification of 1600x and of a

single ZTC particle detail at 12000x (e).

True tensile curves, calculated as o = oA, for all the
PBAT composites are reported in Figure 5.

Analyzing the graph, analogously to the stress strain
curves (Figure 2), a variation in the yielding area is remark-
able, alongside a reduction of the tensile parameters at break.
In particular, the failure of the materials occurs at lower o5 1
values and relative elongation.

In Figure 6, experimental values of o - .4 are plotted in
a semilogarithmic scale. The slope of the fitting line gives a
value of B, =2.23 +0.12, which is lower compared to the
one obtained with the fitting of relative yield stresses. The
value achieved is in any case included in the range of values
indicating a good degree of interfacial interaction [41],
although the trend of o, and of oy 7, leading to a different
behavior in the application of Pukdnszky’s model, is unclear.
For the sake of comparison, B;, value of PLA filled with nat-
ural fibers was obtained equal to 2.29 [42], while B, values
for PP filled with carbon fibers, glass fibers, and wood flour
revealed to be equal to 4.45, 4.64, and 3.13, respectively
[43]. In the latter case, the values are more similar to B obtained
in this work for yield stress. Considering previously studied
composites made of PBAT filled with calcium-phosphate glass
(CPG) microparticles, a value of B, =2.30 + 0.08 was obtained
in the application of Pukanszky’s model for the stress at
break [44].

However, it must be considered that the real o — € curves
substantially assume the same trend with the increase of the
filler content, with a deformation at break that decreases due
to the increase in the stiffness of the composite. This detail is
not observed in the engineered o —e curves (Figure 2),
where o seems to have a marked variation at a specific e.

Increasing in B can be achieved acting on the factors
influencing interfacial interaction, defined in Equation (8).

Particle size and size distribution are of fundamental
importance, since interphase interaction takes place on the
surface area A;. Hence, the smaller the particle is, the higher

the specific area and the larger the reinforcement due to the
interphase interactions are. The reinforcing phase is usually
added to the matrix in form of micrometric or nanometric
particles and fibers. Increasing particle size is expected to
negatively affect tensile strength, since large particles tend
to debond more easily from the matrix under loading, often
leading to premature failure. On the other hand, too small
particles could trigger aggregation: when aggregation takes
place, the specific surface area decreases, thus causing a
reduction of the mechanical properties [1].

Due to the possible difference in chemical nature of
polymers and fillers, incompatibility between the phases
may arise and cause poor adhesion by drastically decreasing
the value of B. In the worst case of zero adhesion between
the filler particles and the continuous phase, there is no load
transfer to the filler, and the total load is carried by the
matrix [29]; furthermore, the load-bearing section decreases
with increasing the filler content.

To achieve higher values of filler-matrix adhesion and
enhance interphase strength, the surface treatment of the
filler, the functionalization of the polymer, and the use of
compatibilizers might be considered. Surface treatment
modifies both particle/particle and matrix/filler interactions,
bringing the properties of the composite to be a combination
of the two effects. In the case of cellulose and natural fibers,
further chemical modifications might be performed by
acetylation, cyanoethylation, peroxide treatment, and silane
treatments [40, 45]. Processes of surface modification
require careful optimization in terms of both technical and
economical point of view, determining the most suitable
type and quantity of reagents.

Panaitescu et al. [45] studied the properties of maleated
polypropylene (MA-PP) filled with microfibrillated cellulose
(MFC) at different concentrations, obtaining a marked
increase in tensile modulus and strength when compared
to the simple PP-MFC composite system without coupling



agent. Analogously, Nanni et al. [46] obtained enhanced
mechanical properties, without a decrease in tensile strength
even at high filler concentration, when maleic anhydride was
used as coupling agent in PP-spent coffee ground (SCG) sys-
tems. Indeed, Pukanszky’s B factor was found to be higher
compared to simple PP-SCG composites.

Therefore, these results suggested the interfacial bonding
improvement, with enhanced stress transfer and more per-
forming mechanical properties. Yang et al. realized polyeth-
ylene- (PE-) lignocellulosic materials composites, obtaining
analogous results but highlighting that compatibilization
with maleic anhydride has a stronger effect on the enhance-
ment of PE properties compared to MA-PP, due to a better
wetting [4]. Surface modification of bamboo fibers with
NaOH aqueous solution and salinization was performed in
the realization of epoxy composites. Increases in tensile
strength and elongation at break, compared to the untreated
filler-epoxy composite, were obtained in both cases [47].
Metin et al. obtained that silane coupling agents improved
interfacial adhesion between filler and matrix in a PP system
filled with treated zeolite compared to nontreated particles:
both tensile modulus and yield strength were enhanced [38].
Silanization of MFC in PHBH composites also showed to
induce a more pronounced reinforcing effect compared to
untreated cellulose, due to a better interfacial compatibility [48].

3.3. SEM Characterization. Figure 7 represents SEM images of
PBAT (Figure 7(a)) and PBAT-ZTC composites microstruc-
ture (Figures 7(b)-7(d)). Homogeneous dispersion of the
ZTC within the PBAT matrix with no aggregation nor phase
separation is maintained even at the higher filler concentration.

The ZTC particle is characterized by a modulation of its
brightness. The bright white areas correspond to the TiO, por-
tion of the ZTC, while zein is represented by the lighter shade
of grey. The dark grey background is the PBAT matrix.

The formation of an interface between the surface of the
filler and the matrix can be hypothesized by the absence of a
sharp boundary around the particles and of any kind of
phase separation, which would cause the failure of the mate-
rials. In fact, a smooth variation in the shades of grey
(Figure 7(e)), corresponding to the area where the bonds
between the functional groups of the zein and the PBAT
chain are formed, can be observed.

4. Conclusions

Polymer composites are designed to enhance the polymer
properties. Within this framework, theoretical models repre-
sent a promising tool for studying the effect of the addition
of a reinforcing component on the tensile properties of the
polymer matrix.

In this work, new sustainable composite materials were
successfully realized by the addition of different quantities
of ZTC to a PBAT matrix and mechanically characterized.
Enhancement of stiffness and yield strength, up to 44 and
10%, respectively, was obtained as a function of filler
content. Application of Kerner-Nielsen’s model returned
excellent agreement with the experimental E values, and
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Pukanszky’s models gave values of B=4.06+0.12 and
B,=2.23%0.12 for 0, and oy, respectively. Finally,
microstructure of specimen cross-section was investi-
gated by SEM, observing homogeneous dispersion of
the filler within the matrix with good adhesion between
the phases.

According to the collected results, a strong interface was
created between the ZTC particle surface and the PBAT,
providing an efficient and adjustable reinforcement of the
pristine polymer.

These composites offer a sustainable alternative to non-
biodegradable plastics that are normally used and not prop-
erly disposed of or recovered. Furthermore, the possibility of
property modulation, obtained by suitably varying the filler
content, allows to customize the material characteristics to
the needs.
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