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Abstract

Macadamia is a nut widely used globally in food, personal hygiene products, and human health. After removing the nut,
high amounts of the shell residual, which is an underutilized material with high economic interest. This work presents a
sustainable alternative to revalorize the macadamia nutshell residues (MR) developing the green composites. Polypropylene
(PP) composites were prepared using different MR content (5, 10, 15, 20, 25, and 30 wt%) as a filler. The samples were
investigated by Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis, scanning electron microscopy
(SEM), mechanical tests (tensile and flexure) before and after water absorption tests, and Life Cycle Assessment (LCA). FTIR
results indicated that the MR acted only by physical impediments, without chemical interactions between the filler and matrix.
Thermal analysis showed a significant increase (~ 20 °C) in PP thermal stability after MR addition, probably due to the filler
high lignin content, and SEM photomicrographs indicate that high MR contents resulted in little cracks and voids in the inter-
face. However, the defects did not influence the mechanical performance, and the green composites showed superior elastic
modulus (2401 MPa) than the pristine PP (1516 MPa) and similar tensile strength (~30 MPa), confirmed by the statistical
analysis and corroborating with the theoretical percolation network (25 wt%). The composites showed low water absorption
(up to 0.3%), reflecting in downward variations in the wet samples’ mechanical behavior. It evidences the possibility to use
these samples for water applications. LCA indicated that higher MR contents promoted lower environmental impacts than
the classical handling of this residue, and the results indicated that 30 wt% MR is the better environmental option. However,
the PP/MR-25% showed reduced environmental impacts and associated with other properties improvements, considered the
better sample. This work shows the MR revalorization as a sustainable approach to expand green composites applications.
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Introduction

The macadamia was originated in Australia and has four
main varieties: jansenii, tetraphylla, ternifolia, and inte-
grifolia. The jansenii and tetraphylla species are not

commercially available, and the others are edible, and
in this sense, they are cultivated and commercialized.
Macadamia integrifolia is the most available variety and
has round fruits with a smooth shell, composed of a solid
fibrous cellular material with high resistance [47]. The
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force to break Macadamia seed coats is about 1800 to
4000 N, five times harder than the force to break peanuts,
hazelnuts, almonds, and walnuts. Shiiler et al. observed
that the macadamia nutshell has a "sandwich" structure of
six concentric lignified layers divided from its outer part
to the inner part: (i) epidermis, (ii) outer sclereid layer,
(iii) sclerenchyma fiber layer, (iv) inner sclereid layer, (v)
dark brown layer and cream-colored layer, and (vi) inner
seed coat layer in contact with the nut. Besides, they dem-
onstrated that the macadamia seed coat presented mostly
circular cells with a 1:3 aspect ratio and little elongated
cells and the presence of pores, vascular bundles, and
waxy components [46]. The global macadamia production
is around 120,000 tonnes in-shell, equivalent to 36,000
tonnes in kernel form [20]. The shell consists of 60—70%
of the total nut weight and is considered as agricultural
solid waste. The macadamia shell discard is considered
a problem since the farmers have to pay [4]. Other dis-
posal forms involve burning for energy generation, road
compaction in farms, hydrochars preparation [41]. Thus,
the comprehensive Macadamia residues (MR) utilization
is an industry request to minimize environmental impacts
and increase this nut added value [4, 30]. Recently, there
is a tendency to develop more noble applications using
macadamia nutshell [11, 20, 41, 55].

Continuous researches are proposing new applications for
the improvement of macadamia residues use. Pakade et al.
[41] reported using a macadamia nutshell to remove hexa-
valent chromium from aqueous solutions and said that MR
has potential as a low-cost adsorbent. Wongcharee et al. [59]
prepared mesoporous activated carbon from MR to remove
methylene blue from the aqueous solution. The authors
reported that the sorption was favorable and removed large
contaminant quantities. Tsolele et al. [55] reported that
using macadamia nutshell-based activated carbons as an
adsorbent for gold recovery from cyanide-leached liquors.
The authors reported a gold adsorption efficiency of 74%.
Besides, the literature shows a tendency to use MR as fillers
in green composites, since these fibers show high mechani-
cal resistance, as reported by Sesana et al. that investigated
the mechanical behavior of pristine macadamia nutshell [29,
47].

The growing global environmental and economic crisis
reflects the trend towards developing and using green and
biodegradable materials to reduce fossil resource use and
waste accumulation [37, 43]. In the last decades, concepts
based on ecology, sustainability, and green manufacturing
lead to the bio-based polymer composite materials genera-
tion [5, 12]. Annually, about 140 billion tons of agricultural
and forest waste are generated worldwide, abundant, cheap,
and renewable materials [24]. However, these wastes are
improperly managed and disposed of. Its use in the compos-
ites industry is an economically and environmentally viable
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option. In recent years, there has been a trend in the nutshells
use as fillers due to the high mechanical gain resulting from
the addition of these residues in polymeric matrices [10, 26].
Some authors have reported the used MR in composites.
Song et al. [50] prepared poly(lactic acid)/macadamia com-
posites filaments and observed that PLA-10% MR showed
the best mechanical properties. Girdis et al. [23] prepared
acrylonitrile butadiene styrene composites filaments using
macadamia nutshell flour and verified that the particle size
has a significant influence on samples morphology. The
authors demonstrated that the fillers resulted in large voids,
attributed to macadamia hydrophilicity. Cipriano et al. [13]
prepared polypropylene composites reinforced with maca-
damia nutshell fibers (5 and 10 wt%) and investigated the
influence of fibers chemical treatment on fillers adhesion.
Despite the remarkable mechanical gains, the literature
does not present a study of composites with MR from an
environmental perspective. This work aimed to investigate
macadamia nutshell residues as a sustainable filler into PP,
varying the MR contents from 5 to 30 wt%. The composites
were investigated for their physicochemical, mechanical,
morphological, thermal, and water absorption properties.
Additionally, Life Cycle Assessment was conducted to inves-
tigate MR addition into PP from a sustainable perspective.

Materials and Methods
Materials

Braskem S/A (Sao Paulo, SP, Brazil) supplied the poly-
propylene (PP) H503 (0.905 g cm™ of density melt flow
rate of 3.5 g 10 min~!, 99 of Rockwell Hardness (R Scale)
and 3.3 kJ m™ of Izod impact strength at 23 °C). Tribeca
Agroindustrial e Comercial Ltda provided the Macadamia
integrifolia nutshell residues. (Pirai, RJ, Brazil). Before
the use, the macadamia moisture content was determined
(8.0£0.1). The residues were oven-dried (model SSA, NET-
LAB Equipamentos para Laboratérios EIRELI, Sdo Paulo,
Brazil) for 24 h at 70 °C and crushed in a knife-mill (brand
Plastimax, 3.7 kW, Caxias do Sul, RS, Brazil) to reduce the
macadamia nutshell size. Then, residues were crushed in a
mill type "Willye" (model TE-650, brand Tecnal Equipa-
mentos Cientificos Ltda., 500 W, Piracicaba, SP, Brazil),
and sieved in a 35 mesh. Milled macadamia residues were
named MR (Fig. 1a).

Methods
Green Composites Processing

Green composites preparation process using MR and
polypropylene (PP) was done in a thermokinetic mixer
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MH-50H, 48 A (MH Equipamentos Ltda., Guarulhos, SP,
Brazil) at a high-speed rate rotation (5,250 rpm) for 55 s.
Different MR loadings were used: 5, 10, 15, 20, 25, and
30 wt% (Fig. 1a). The composites were granulated in a
knife-mill (brand Plastimax, 3.7 kW, Caxias do Sul, RS,
Brazil) and oven-dried for 2 h at 50 °C. The composites
injection was conducted in a digital injector (model IHM-
BC-06, AX Plasticos Maquinas Técnicas Ltda., Diadema,

SP, Brazil), with a screw thread recoil speed of 90 rpm,
screw thread turning speed of 200 rpm, injection speed
of 20 cm? s™!, the clamping force of 22kN and the injec-
tion pressure was 175 MPa. The injection molding screw
diameter is 16 mm, and the screw L/D ratio (length to
diameter) is 24. Four heating zones were used in the injec-
tion unit: (i) First zone (material entrance) — 185 °C; (ii)
Second zone (intermediate heating) — 190 °C; (iii) Third
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zone (intermediate heating) — 195 °C; (iv) Fourth zone
(injector nozzle) — 50 °C (Fig. 1b).

Characterization
Fourier-Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) with attenu-
ated total reflectance (ATR) diamond accessory was con-
ducted on a Frontier 94942 (PerkinElmer Inc., Waltham,
Massachusetts, USA) equipment. The spectra were col-
lected with 64 scans, 4 cm™! spectral resolution, from 4000
to 400 cm™!. The curve deconvolution between 1430 and
1480 cm™! occurred by the multiple peak fit process of the
OriginPro 2016 software by the Lorentz adjustment fit the
absorbance peaks identified by visual inspection of the spec-
tra [51].

Thermogravimetric Analysis

Green composites’ thermal stability was investigated using
a thermal analyzer TG/DTA 6200 series, model Exstar 6000
(Perkin Elmer® Inc, Boston, Massachusetts, USA). TGA
tests were performed with a heating rate of 10 °C min~!,
in N, flow (20 ml min~'), in the temperature range of

40-600 °C.

Scanning Electron Microscopy (SEM)

Green composites were morphologically investigated in a
scanning electron microscopy, model TR-3000 (HITACHI
Ldt., Tokyo, Japan), using a tungsten filament, operating
with low-vacuum at 5 kV. Before the analysis, samples
were sputtered in an equipment Leica EM ACE 200 (Leica
Microsystems GmbH, Wetzlar, Germany) with a thin gold
layer of 20 nm.

Mechanical Tests (Tensile and Flexure)

Mechanical properties were measured using a universal test-
ing machine, model DL2000, Instron Brasil Equipamentos
Cientificos Ltda, Sdo José dos Pinhais, Parana, Brazil). The
tensile tests (Fig. 1c) were performed following the ASTM
D 638, at a 5 mm min~! crosshead speed. Five specimens
of 113 mm of overall length and 30 mm of the gauge length
were tested.

Flexural tests agreed with the ASTM D 790 (Fig. 1d), at
a 1.3 mm min~! crosshead speed. The specimens’ dimen-
sions are the overall length of 113 mm and a gauge length
of 56 mm.

@ Springer

Water Absorption

The water absorption analysis determined the surface capac-
ity of green composites to interact with water. Five tensile
specimens of each composition were submerged in distilled
water and weighed every 24 h for 7 days. The difference
between the dry weight and the specimen submerged weight
on different days was used to determine the green compos-
ites’ water absorption capacity. After 7 days, the samples
were submitted to the tensile test to verify the water influ-
ence on the materials’ mechanical properties (Fig. le).

Life Cycle Assessment (LCA)

The LCA was conducted, according to ABNT NBR ISO
14044/44:2009, using the open-source software OpenLCA
1.9, the Ecoinvent 3.4 and Agribalyse 3.0 databases, and
using the ReCiPe 2019 Midpoint (H) method for data inter-
pretation. The environmental impacts considered a cradle-
to-gate approach, and the selected environmental categories
were Climate change, Photochemical Oxidation Formation,
Fossil Depletion, and Terrestrial Acidification. Background
data were obtained from literature, expert knowledge, and
estimations out of similar processes. Foreground data,
including energy consumption, were obtained directly from
the development carried out.

Statistical Analysis

All measurements were carried out at least in triplicate and
reported as mean =+ standard deviation. One-way analysis of
variance (ANOVA) was applied, and the Tukey test was used
to evaluate the significant difference between samples, using
PAST software (version 4.03) and a level of confidence of
95%.

Results and Discussion
Fibers Characterization

Macadamia nutshell residues (Fig. 2a), as described, were
ground and sieved at 35 mesh, resulting in an MR with an
average length of 534 pm, a diameter of 346 pm, and an
aspect ratio of 1.54.

Figure 2b shows the macadamia residues SEM photo-
micrographs, and it is possible to observe that the particles
have an irregular shape and agglomeration tendency, justi-
fied by the lignocellulosic materials’ impurities and waxes
that maintain them together [50]. Besides, it was verified the
presence of pits arranged along the entire cell wall respon-
sible for transporting water and nutrients through various
cells to the roots and leaves and are hidden in the surface
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Fig.2 Illustrative images of a macadamia nutshell residues before and after milling and their aspect ratio (1.54), and b SEM images after the

milling

fibers. The pits’ presence increases the fibers’ surface area
and consequently improves the bonding between the poly-
meric matrix and the filler [38].

The non-cellulosic components’ presence results in
a homogeneous surface due to rounded shape and fiber
agglomeration, behavior also seen in other fibers in litera-
ture, such as palm fibers [36] and sugarcane bagasse [38].
Howeyver, other fibers, even without chemical treatment, can
have a rough surface. Rabma et al. obtained coconut fibers
with a rough surface with nodes and irregular stripes that
facilitated the interaction with the cement matrix [44]. Costa
et al. obtained pineapple crown fibers with a rough surface
with tracheids, parenchyma cells, and defibrillation caused
by the crushing process [14], showing that the characteristic

nutshell thickness attenuated the MR processing of crush-
ing. Therefore, cellulose and its functional groups cannot
interact with the PP, reflecting in composites with low adhe-
sion. These results were verified by FTIR analysis [13, 16].
However, MR has excellent stiffness, which balances the
mechanical performance and classifies this residue as a
potential green filler [47].

Composites Characterization
FTIR

Figure 3a shows the FTIR spectra of macadamia resi-
dues (MR) and pristine PP. The MR showed broadband at
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Fig.3 FTIR spectra of a macadamia residues (MR) and pristine PP, and green composites of MR-PP with different fillers content: b full spectra,

and zoom in the range ¢ 1800-1350, and d 1300-800 cm™!

3500-3200 cm™! and indicated the high hydrophilicity of
the residue. Besides, peaks at 1740, 1250, and 893 cm™!
are attributed to carbonyl C=0 groups stretching vibrations
from hemicellulose chemical structure and C-O stretch-
ing from lignin and hemicellulose acetyl groups, and C-H
out-of-plane bending vibration of cellulose groups, respec-
tively [50]. These peaks are characteristic of lignocellu-
losic residues, as expected. Considering the pristine PP, the
characteristic peaks are found at 2950-2910 cm™' (C-H
asymmetric stretch), 2880-2810 cm™! (C-H symmetric
stretch), 1455, and 1370 cm™! (asymmetric deformation),
and 1160-750 cm™! (rocking and wagging vibrations) [11].

Figure 3b shows the composites’ full spectra, and the
broadband at 3400-3200 cm~!, characteristic of MR
hydroxyl groups, was maintained, representing the compos-
ites’ hydrophilicity. No new peaks were observed, indicating
that the MR was not chemically bonded with the polymeric
matrix [48]. As shown in Fig. 3c, the MR addition formed
a new shoulder at 1460 cm™!, assigned to CH deformation
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in lignin, confirming the macadamia residues presence; this
shoulder was more intense for composites with high filler
contents. Besides, Fig. 3d evidenced the presence of two
new peaks, at 1115 and 1045 cm™, attributed to symmetric
and asymmetric bending vibrations of cellulose structures,
respectively [1]. The filler insertion in the polymeric matrix
caused a peak intensity variation due to the vibrational vari-
ations associated with the carbon atom spatial availability.
The deconvoluted curves in the range 1480-1430 cm™!
was done through the fit of three peaks, as shown in Fig. 4a.
However, peak 2 and 3 were fitted, as peak 1 was small and
did not show significant influence. The peak 3, attributed to
the pristine PP (Fig. 4b), was lower to the green composites
(Fig. 4c-h), indicating the MR presence in the PP matrix.

TGA

The TGA analysis provides quantitative information on
weight variation with temperature increase. Figure 5a shows
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the TGA graphs of pristine PP and its composites, and
Fig. 5b presents their respective DTGs. The neat polymer
showed Ty 0f 413 °C, T, 0f 404 °C, and T, of 451 °C.
According to Cholake et al. [11], empty macadamia shells
degrade in three stages, typical for lignocellulosic residues,
associated with hemicellulose, cellulose, and lignin degra-
dation [8, 27].

After the macadamia residues addition, the compos-
ites TGA curves were similar to pristine PP, with a single
weight-loss event and slight changes in the main thermal
parameters were verified, as the peak at 150 °C, attributed
to moisture evaporation and low molecular mass compounds
[11, 42]. The T,,,, increases above 375 °C are reported to
cellulose and hemicellulose degradation since it is well
known that MR contains ~30% of cellulose, 30% of hemicel-
lulose, and 40% of lignin [5, 50]. The T, ,, values of pristine

max

PP and cellulose chains are similar, occurring at~400 to
450 °C, which guarantees the composites’ thermal stability,
which is very favorable for future applications [28].

Considering the MR contents, it was observed that the
most thermal stable samples were PP/MR-10, 15, 20, and
30%. The temperatures similarity is related to the high lignin
content in the fillers and a possible good adhesion between
the phases, with no catalyst points of thermal degradation.
Besides, all composites showed high ashes contents, which
can be associated with the inorganic compounds presented
as impurities in lignocellulosic fibers [33].

SEM

Figure 6 shows the morphological structure of pristine PP
and its composites of the fracture surfaces obtained at x 500,
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Fig. 5 Thermogravimetric curves of pristine PP and its composites with macadamia residues a TGA and b DTG

and Fig. 1S (Supplementary Material) illustrates the SEM
photomicrographs obtained at X 300. At low contents (5
and 10 wt%), the MR addition showed good dispersion and
adhesion, without the presence of voids and cracks, which is
an indicator that the tensile strength (o) was not significantly
affected [1]. Sample PP/MR-10% showed fractured fibers,
suggesting good affinity and stress transfer [42], justifying
the slight increase in tensile strength values.

Even with the broken fibers at high contents, some fill-
ers were pulled out from the matrix, resulting in voids and
cracks. A weak interface was observed between the MR
and the PP (interstices), corroborating the FTIR discussion,
which indicated the absence of the interfacial bond between
the matrix and the fillers, reflecting in the ¢ decreases,
presented in the next section. Besides, a rough surface
was observed for PP/MR-25 and 30%, enhancing the fib-
ers covering with PP matrix, resulting in good mechanical
performance [28]. Also, as the MR has a low aspect ratio,
the residues alignment is limited. According to Song et al.
[50], high fillers content induces the generation of fibers
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aggregates; in this work, even at 30 wt% MR, fibers were
well dispersed.

Additionally, the injection process can reduce the fiber
length and diameter due to higher shear forces during injec-
tion molding, promoting fibers breakage and disintegration
[18, 22]. These observations are in agreement with fibers
dimensions observed on composites with SEM photomicro-
graphs. The composites presented an average fiber diam-
eter of 27.4+7.2, 143.1+8.7, 41.9+12.9, 41.3 +12.1,
37.5+14.5 and 30.3 +7.6 pm with fiber content of 5, 10,
15, 20, 25 and 30%, respectively. It is impossible to meas-
ure the length in these images, but the diameter presented a
reduction compared with fibers before processing.

Mechanical Properties
Tensile Tests

The mechanical evaluation of composites’ behavior through
a tensile test allows understanding the fiber influence within
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the composite structure [15]. Table 1 presents PP and its
composites’ elastic modulus (E), tensile strength (o), and
elongation at break (). The composites demonstrated an
increase in stiffness and decreased elongation proportional
to the fiber content increase, with 25 and 30% samples
showing statistically similar values. The reinforcement
effect increased the E values from 1538 to 2401 MPa for
PP/MR-30%, indicating that composites had higher stiffness;
however, this sample also showed a considerable € values

Table 1 Mechanical properties of PP and its composites for tensile
tests, considering the elastic modulus, tensile strength, and elongation
at break

Sample Elastic modulus  Tensile strenght Elongation at
(E) (MPa) (o) (MPa) break (g) (%)
PP 151611 30.1+0.4 18.7+£5.9
PP/MR-5% 1935+75 31.5+0.3 125+7.1
PP/MR-10% 2096 +34 28.7+0.6 15.1+£5.8
PP/MR-15% 2076 +61 27.1£04 153+3.1
PP/MR-20% 2117+51 21.6+0.7 59+438
PP/MR-25% 2323 +64 226+13 47+29
PP/MR-30% 2401+26 19.4+0.7 47433

reduction, typical of rigid fillers addition into the polymeric
matrix [33].

The stiffness increase results from the rigid filler inser-
tion in the matrix, limiting the sliding of the polymeric
chains. According to Song et al. [50, 52], the elastic modulus
increase with increasing macadamia content is associated
with the cellulosic reinforcement characteristics. Besides,
as the residues have a low aspect ratio, the fillers were ran-
domly oriented in the matrix [7]. However, all composites
showed low ¢ values than the pristine PP, attributed to the
low interfacial adhesion between the phases due to the poor
compatibility between natural fillers and polymeric matrices
[19].

The fibers aspect ratio can be used to estimate the fibers’
weight fraction necessary to obtain the percolation threshold
¢, according to Eq. 1.

07

¢ec = 17d (1

Considering 1/d =1.54, the ¢, is 0.45 vol%, i.e. around
w,=24.5 wt% assuming 1.25 g.cm™ and 0.680 g cm ™ for
PP and MR densities, respectively [21, 35]. The theoretical
and experimental results were similar, indicating that the
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Table 2 Tukey pairwise test for elastic modulus, with the p-value obtained (higher diagonal) and the resemblance between samples (lower diag-

onal)

Interaction PP PP/MR-5% PP/MR-10% PP/MR-15% PP/MR-20% PP/MR-25% PP/MR-30%
PP 2.59 x 1077 4.25 x 10~° 7.57 x 10~° 4.24 x 10710 1.70 x 1071 4.30 x 10712
PP/MR-5% # 1.15 x 102 3.28 x 1072 1.14 x 1073 3.70 x 1077 248 x 108
PP/-MR10% + # 9.99 x 107! 9.98 x 107! 8.14 x 10~* 2.56 x 1075
PP/MR-15% # # = 9.27 x 107! 312 x 1074 1.09 x 1075
PP/MR-20% # # = = 6.62 x 10~* 1.45 x 1075
PP/MR-25% + # # # # 5.48 x 107!
PP/MR-30% # # # # # =

The p-values indicated in bold highlight samples that are statistically different, considering a statistical significance of 95%

Table 3 Tensile and flexural strengths of macadamia/PP composites

Samples Flexural Modulus (MPa)  Flexural
Strenght
(MPa)
PP 1018 £26 39.2+0.4
PP/MR-5% 1221 +59 45.1+1.1
PP/MR-10% 1453 +45 46.7+0.3
PP/MR-15% 1435+78 432+1.5
PP/MR-20% 1424 +79 39.4+0.5
PP/MR-25% 1609 +43 39.3+0.7
PP/MR-30% 1781 +34 36.8+0.7

sample PP/MR-25% presented superior mechanical proper-
ties regarding the composites’ stiffness.

One-way variance analysis (ANOVA) and Tukey test
were performed for the PP and its composites elastic modu-
lus, presented in Table 2. Results were obtained, consider-
ing a 95% confidence level. The MR inclusion on the PP
matrix promoted a statistically increase in Young modulus,
highlighting the reinforcement behavior. Moreover, it was
possible to notice resemblances between PP/MR-10%, PP/
MR-15%, and PP-MR20%, indicating that intermediate load-
ings have similar mechanical behavior. Besides, a statistical
similarity was observed for PP/MR-25% and PP/MR-30%,
indicating a fiber content maximum limit that can be used to
modify the polymer matrix, and above that limit (25 wt%),
there is a loss of properties.

The tensile test results indicate that the significant fiber
contents were 5%, 10%, and 25%, with a high impact on
composites stiffness, highlighting the MR application as a
potential reinforcement material for composites with greener
character.

Flexural Tests

Table 3 shows the PP and its composites’ flexural proper-
ties. All PP/MR samples showed superior flexural modulus
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Fig.7 Water absorption (%), measured for 7 days, for pristine PP and
its green composites

than the neat PP, and the values increased from 1.01 to 1.78
GPa. According to Tarrés et al. [54], the flexural properties
are directly impacted by filler concentration and dispersion
on the polymeric matrix. The observed increase indicates
a good filler dispersion and homogeneity [1]. The flexural
strength evidenced significant increases for low loadings
contents and decreased with the addition of 20, 25, and 30
wt%. These values corroborate the SEM images, which indi-
cate voids and defects that limit the composites’ strength and
weak interphase interactions.

PP/MR-10% showed the highest flexural strength and
PP/MR-30% of flexural modulus. The PP/MR-25% sample
showed high stiffness and strength similar to pristine PP,
which is an indication that this sample has excellent flexing
behavior. These results indicate that a denser structure was
produced, and the macadamia-PP composites’ mechanical
performance is superior under flexural requests. Besides,
these results are following the theoretical percolation
threshold.
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Fig.8 Stress—strain curve for PP and its composites: a before water absorption, b after water absorption

Table 4 Mechanical properties of PP and its composites for tensile
test after water exposure

The low WA is associated with PP hydrophobic char-
acter and the homogeneous surface, limiting the water

adsorption and diffusion through the polymeric bulk [32,
39]. As the PP did not absorb water, the WA increase in the

composites is related to the MR fillers, which are consid-
ered a lignocellulosic material with hydrophilic chemical
groups (cellulose hydroxyls) [58].

The water absorption significantly increased for PP/
MR with 20, 25, and 30 wt% due to the higher OH™ groups
and matrix voids, facilitating the water diffusion and fillers
swelling [2]. These results indicate a limited interface gener-

ated between filler—matrix [7]. Besides, the graphs linearity
confirms that the fillers were well dispersed [48].

Sample Elastic modulus  Tensile strenght  Elongation at

(E) (MPa) (o) (MPa) break (e) (%)
PP 1500+ 11 30.1+0.2 12.5+2.9
PP/MR-5% 1904 +25 30.3+0.8 8.6+2.0
PP/MR-10% 1945+ 34 29.2+0.6 72+1.9
PP/MR-15% 1978 +£29 26.1+0.7 7.1+5.3
PP/MR-20% 204227 25.6+0.1 7.5+6.2
PP/MR-25% 2083+23 23.1+1.2 3.9+02
PP/MR-30% 2165+19 21.8+0.5 1.5+0.2
Water Absorption

Figure 7 shows the composites’ water absorption (WA)
plotted against the time in days. The pristine PP, PP/
MR-5%, and PP/MR-10% showed similar water absorp-
tion behavior, with a maximum value of ~0.08%.

Mechanical Properties After Water Absorption

The tensile tests were performed after the water absorption
to evaluate the water effect on composites’ mechanical prop-
erties. Figure 8 presents the representative stress strain curve
before and after water absorption and Table 4 shows the E,
o, and ¢ values.

Table 5 Tukey pairwise test for elastic modulus for PP and its composites after water exposure, indicating the p-value obtained (higher diagonal)

and the resemblance between samples (lower diagonal)

Interaction PP PP/MR-5% PP/MR-10% PP/MR-15% PP/MR-20% PP/MR-25% PP/MR-30%
PP 2.02 x 10710 5.76 x 10~ 2.05x 1071 2.20 x 10712 5.45x 10713 1.06 x 10713
PP/MR-5% # 4.41x 107! 3.55 x 1072 1.40 x 104 7.23x107° 6.59 x 1073
PP/MR-10% # = 6.96 x 107! 438 x 1073 1.40 x 104 5.81x 1077
PP/MR-15% # + = 7.58 x 1072 1.97 x 1073 4.03 x107¢
PP/MR-20% # + # = 440 % 107! 4.43 x 1074
PP/MR-25% # + # # = 1.59 x 1072
PP/MR-30% # # # # + +

The p-values indicated in bold highlight samples that are statistically different, considering a statistical significance of 95%

@ Springer



3222

Journal of Polymers and the Environment (2021) 29:3210-3226

Even after WA tests, the green composites’ stiffness
significantly improved, compared to the wet PP, similar
to those reported before the water absorption. Compared
with the dry samples, a decrease in E values resulted from
MR swelling during water absorption, promoting dimen-
sional stability changes. These variations produce micro-
cracks that change the interaction between fiber and polymer
matrix, which compromised the stress transfer [25, 32]. The
tensile strength slightly increased after the WA, which can
be attributed to the hydrogen bonds between the fibers and
water molecules. The low mechanical behavior changes can
be attributed to the low WA of the green composites, with a
maximum of 0.3% of water for PP/MR-30%.

Table 5 shows the ANOVA analysis results, indicating
that wet samples with intermediate loading presented similar
mechanical behavior. However, higher loading (20, 25, and
30 wt%) promoted significatively differences in compos-
ites’ stiffness. This result is coherent with the higher water
absorption observed for PP/MR-30% composites.

Additionally, the T-test was applied to compare samples
before and after water absorption, and Table 6 shows the
results. The composites with high MR contents (25 and 30
wt%) had more differences in the mechanical properties,
which agrees with the higher water absorption that these
samples presented.

Life Cycle Assessment

Impact assessment is important to understand the product’s
life cycle physical flow impact on the environment [31]. The
Life Cycle Assessment (LCA) is a complementary analysis
that evaluates impacts considering a sustainable perspective
[34]. So, LCA was conducted to evaluate the environmental
impacts associated with composites without and with maca-
damia residues. This analysis aimed to assess the environ-
mental impacts of macadamia waste reuses in composites
compared to conventional processes.

Table 6 T-test of composites before and after water absorption

Sample Comparison before and after water

absorption

p-value Resemblance
PP 1.58 x 107! =
PP/MR-5% 5.21 x 107! =
PP/MR-10% 543 x 1073 #
PP/MR-15% 6.55x 107! =
PP/MR-20% 6.15x 1072 =
PP/MR-25% 3.52x1073 #
PP/MR-30% 4.42 x 1075 #

The p-values indicated in bold highlight samples that are statistically
different, considering a statistical significance of 95%

@ Springer

The main assumption adopted is MR management. So,
for pristine PP, it is considered that the residue exists and
is wholly burned for energy generation, which is the most
common MR discard. PP/MR-30% was considered the maxi-
mum content of macadamia residues, and the lower contents
indicate a residual MR to burn. Similar considerations were
made by Oliveira and co-workers [40]. So, we used a pro-
portion based on the MR amount incorporated in the PP
matrix and the residue burned to evaluate all the environ-
mental impacts associated with the process. Figure 9 shows
the LCA results considering the impact categories of climate
change, photochemical oxidant formation, fossil depletion,
and terrestrial acidification.

Figure 9a shows a significant decrease in climate changes
with the fibers’ addition. This impact category is associ-
ated with the consumption of coal, gas, electricity, or other
energy forms, and gas emissions associated with the process,
such as carbon dioxide [3]. For pristine PP, as it is con-
sidered that the entire MR would be burned, a reasonable
amount of carbon dioxide is generated, directly impacting
this category. This behavior is reduced after preparing the
composites due to the residues reuse and re-insertion in the
supply chain. Considering Fig. 9b, the photochemical oxi-
dant formation (POCP) is an impact category dependent on
diesel consumption in crop production and retting and the
emissions to air originating from fibers drying composites
processing [49]. Although the composites have a POCP
impact associated with transportation and processing, there
was a reduction in this impact after the waste incorporation.
This reduction is associated with the lower MR volume that
would be burned to generate energy and, consequently, emit
gases into the environment [17].

The fossil depletion category is measured by dividing the
quantity of the used resource by the estimated total world
reserves of fossil fuels [31], and detect impacts considering
resources scarcity and raw material extraction [9, 17]. As the
pristine PP is a petroleum-based synthetic polymer, its raw
material is considered a resource with high environmental
impacts. With the increase in fiber content in the compos-
ites, there is a linear decrease in the PP content, decreasing
these category values. According to Oers and Guinée, this
category is essential to assess resource depletion, as this
is a global environmental, economic, and social problem
[56]. Thus, reducing fossil depletion impacts is essential in
the development of more sustainable and environmentally
friendly materials. The addition of a natural residue was effi-
cient in reducing this impact category.

The terrestrial acidification potential (AP) involves the
acid gas generation that can react with water, forming acid
rain, a process known as acid deposition [9]. According to
Ramesh and Vinodh, this category presents a low variation
in the impact potential since incineration has less AP than
the materials disposed of in landfills [45].
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Fig.9 Life Cycle Assessment results of PP and its composites, con-
sidering the intrinsically associated macadamia residues burning
that would not be incorporated in the samples concerning a climate

To conclude, all the environmental categories consid-
ered in this work showed a decreasing tendency with the
MR addition into the composites, indicating the develop-
ment of green composites with lower environmental impacts
than the pristine PP and considering the reuse of this waste,
in detriment of its burning, as shown in Fig. 10. The best
composites considering an environmental perspective were
those with the highest MR load, that is, PP/MR-25% and
PP/MR-30%.

As possible applications for the obtained green com-
posites, we can rely on the literature. Cipriano et al. and

Fossil depletion (kg oil-Eq)

Terrestrial acidification (kg SO,-Eq)

change; b photochemical oxidation formation; ¢ fossil depletion, and
d terrestrial acidification

Cholake studied the PP-based composites reinforced with
macadamia, and Zanini et al. investigated the PP compos-
ite reinforced with palm residues, mentioning applications
in the automotive industry [11, 13, 60]. Beigbeder et al.
mentioned applications of PP/wood flour (WF) for indoor
automotive parts (due to the inherent lightness of natural
reinforcement, promoting aerodynamic improvements) and
also applications on decks in aquatic environments (due
to the impermeability of the polymer matrix) [6]. Vardai
et al. mentioned that PP/WF is used in structural applica-
tions where stiffness is required [57]. Sun et al. described
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Fig. 10 Environmental analysis of MR common destination (burned), which implies directly on environmental impacts, and the alternative
application incorporating into the polymeric matrix that promoted lower environmental impacts, while also improving properties

the PP/WF application as roof tiles, siding, window, door
profiles [53].

Conclusions

This work developed green polypropylene composites
with macadamia residues (MR) in different concentrations
(0-30 wt%) and evaluated the fibers’ influence on compos-
ites properties and their associated environmental impacts.
Composites showed an increase in thermal stability and
mechanical properties associated with the MR morphol-
ogy and composition. The fillers addition improved the
composites’ stiffness mainly due to the rigid nature of
macadamia nutshell rich in lignin widely mentioned in
work, and the presence of pits on the surface of the MR
may also have contributed to such results, with an increase
of 58% in the elastic modulus without the compatibilizer
agents’ use. Statistical analysis indicated that the 25 wt%
fiber impacted composites’ elastic modulus, and the results
agree with the theoretical percolation threshold. Besides,
the flexural modulus improved 75% after the MR addition.
After water absorption, the mechanical properties showed
a slight decrease in the composites’ stiffness, associated
with the water adsorbed in the polymeric bulk. Even after
the WA, the composites still presented better properties
than pristine PP. The environmental evaluation was real-
ized using Life Cycle Assessment using ReCiPe Mid-
point (H) showed a trend of a reduced impact on analyzed

@ Springer

categories with increased loading of fiber. From the envi-
ronmental and technical perspective, the best performance
sample was the PP/MR-25% that presents an adequate bal-
ance between mechanical and thermal properties and envi-
ronmental gains. These results indicate that macadamia
residues are an excellent option for developing functional
composites, aiming to gain properties and reduce environ-
mental impacts. This material is an opportunity to replace
commodity polymers with an adequate performance-sus-
tainability balance that expands the possibilities for poly-
mers’ industrial and scientific use.
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