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A B S T R A C T

The main goal of this work is to develop silane-grafted Poly Lactic Acid (PLA) bio-composites reinforced by vari-
ous compositions of 0, 5, 10, and 15 wt% Walnut shell (WAL) particles and 3D printed by Fused Filament Fabri-
cation (FFF) technique. The composite filaments are extruded by filament extrusion technique, and the 3D
printed Walnut shell/PLA (WAL/PLA) bio-composite samples are evaluated for various mechanical, water ab-
sorption and biodegradation properties. The effect of silane grafting increases the crystallinity index value of
61.2% for the silane-grafted WAL particles. The mechanical property results reveal that using WAL particles re-
duces the strength value and improves the modulus of both untreated and silane-treated WAL/PLA composites.
The silane grafted 15% WAL/PLA samples show the highest shore hardness value of 71 MPa and the heat deflec-
tion temperature of 63.79 ℃. The biodegradation test results reveal that the untreated 15% WAL/PLA compos-
ites have a higher mass loss of 6.4% and 19.1% for 30 and 60 days, respectively. Fractographical results of silane-
treated 10% WAL/PLA composites exhibit a uniform distribution of WAL particles with minimum particle pull-
out from the polymeric matrix. The findings of this study affirm the potential of WAL/PLA bio-composites as a vi-
able and sustainable material for application in food storage and service.

1. Introduction

Food packaging concerned with the quality and safety of the food
products during the processing, such as storage, transportation and dis-
tribution (Ahmed et al., 2023). In general, plastics are the most pre-
ferred materials in various packaging applications due to their key
properties such as high strength-to-weight ratio, better physical and
mechanical properties, manufacturing at low melting temperature, op-
tical and wetting properties (Dang et al., 2012). Most of the commonly
used plastics in food packaging applications are Poly Lactic Acid (PLA),
Poly Vinyl Chloride (PVC), Polyolefin (PO), Polyamides (PA), and Poly-
esters (Vroman and Tighzert, 2009). In general, plastic packaging mate-
rial produces 67 million tons of waste from the sea and it generates

huge environmental issues to marine ecosystem (Song et al., 2009). It
leads to various environmental risks in terms of creating pollution to
humankind and nature. In order to overcome these kinds of environ-
mental problems, biodegradable polymers are considered for packaging
applications (Silveira et al., 2020). It’s quite challenging to eliminate
conventional plastics, but it is possible to replace them with biopoly-
mers.

Among the various biopolymers, PLA is the most commercially suc-
cessful polymer due to its key properties such as easy processability and
biodegradability. But the main limitation is that it possesses poor me-
chanical property and higher brittleness compared to other conven-
tional polymers (Rasal et al., 2010). To boost the mechanical properties
of the PLA polymers, there are various methods like blending or adding
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suitable bio filler into the PLA polymeric matrix (Li et al., 2015). There
are various studies that show that addition of bio fillers improves the
mechanical properties such as tensile strength, thermal and wear resis-
tant properties of the prepared polymeric composites (Du et al., 2014;
Zhang et al., 2021; Palaniyappan et al., 2022). The strength of the pre-
pared bio filler reinforced polymer composite depends on various prop-
erties such as filler size, filler distribution in polymer matrix, interfacial
adhesion and morphology of the added fillers (Essabir et al., 2013;
Cheang and Khor, 2003).

Natural fillers are composed of various constituents such as cellu-
lose, wax, hemicellulose and lignin. Shell based natural fillers are rich
in source of cellulose and can be considered for reinforcement in the
polymer composite preparation (John and Thomas, 2008). In walnut
food processing, walnut shell portion comprises of about 67% and al-
most 1.5 metric tons of hulls are dumped as fossil fuels every year
(Hemmati et al., 2018; Demiral and Kul, 2014). Those hulls are ligno-
cellulosic material which comprises of cellulose - 25.60, lignin - 52.30,
hemicellulose - 22.10 and ash - 3.6% (Pirayesh et al., 2012). Therefore,
utilization of walnut shell particle as bio fillers in polymer composite
preparation could have a dual benefit of considering environmental im-
pact of fossil fuel and effective reinforcement in composite preparation.
Several studies concentrated on utilizing the walnut shell as a reinforce-
ment for the development of bio-composites using conventional manu-
facturing techniques. Ayrilmis et al. added walnut shell of 40–60% as
reinforcement for the production of polypropylene composite and the
results show that the added bio filler increases the bending and tensile
properties of the respective composites (Ayrilmis et al., 2019). Sarsari
et al. assessed the mechanical properties of the wood particle reinforced
polylactic acid composites using injection moulding technique. The re-
sults highlighted that up to 40% of walnut shell particle composition
drastically increases the tensile strength effectively (Sarsari et al.,
2016). Liu et al. developed amino functionalised walnut shell rein-
forced poly lactic acid composite by injection moulding technique. The
observed results specifies that the produced composite is limited for the
making of complex components (Liu et al., 2014). In order to improve
the interface adhesion of the added reinforcement with polymeric ma-
trix various surface modification techniques are employed.

Surface modification techniques includes physical, thermal, chemi-
cal and UV curing techniques, chemical modification technique pos-
sesses better advantages over the other surface modification tech-
niques. Silane grafting is one of the most preferred chemical surface
modification processes for preparing the two different organic and inor-
ganic mixed composite preparation (Vishal et al., 2022). During the
silane modification, the silane molecules act as a coupling agent and the
bi functional features of silane on the hydroxyl group (Si-O-filler) of the
filler and the other end react with the polymeric matrix (Tran et al.,
2014). Zhou et al. studied to improve the UV protection and mechanical
properties of PLA polymer by silane induced carbon nitride grafting.
The results show that, the 1% of graphitic carbon nitride coupled with
KH570 silane solution exploits the higher ductility and elongation and
break (Zhou et al., 2023). Similarly, sun et al. made a study on the de-
layed photodegradation of the PLA composite by adding silane KH550
and KH570-treated micro-nano rice husk fibres as reinforcement. The
results implies that the silane grafted fibres reinforced composites ex-
hibits delayed photodegradation compared over the non-grafted nano
rice husk fibres reinforced PLA composite (Sun et al., 2023).

In food packaging, the cost of the packing materials decides the cost
of the final food products. To reduce the cost of the packaging material,
the Fused Filament Fabrication (FFF) method can be opted
(Mathiazhagan et al., 2023). In FFF process, the thermoplastic materials
are melted and deposited layer by layer with the help of extruder setup.
The most suitable materials for the FFF process are PLA, Acrylonitrile
Butadiene Styrene (ABS), Polyurethane (PU), Polystyrene (PS) and
Polyether ether ketone (PEEK) (Peterson, 2019). There are various re-
search studies concentrated on the 3D printing of commercially avail-

able polymeric materials with various bio fillers as reinforcement. Vee-
man et al. extruded the polymeric filaments by adding almond shell
particle as bio filler and studied the compression properties of the 3D
printed composites. Increasing the almond shell particle percentage im-
proves the compressive properties compared with neat PLA polymer
(Veeman and Palaniyappan, 2022). Singh et al. developed the Poly Lac-
tic Acid composite feedstock by adding different percentage of almond
shell particle (0–5 wt%). The results confirm that, the almond shell of
2.5 wt% has better mechanical properties than the other type of rein-
forcement added composites (Singh et al., 2020a). Yurttas et al., 3D
printed polylactic acid reinforced with Liquidambar orientalis leaf ex-
tract with reduced silver nano particles. The results depict, the addition
of the nano particles may enhance the antibacterial property (Yurttas et
al., 2023). Ahmed et al. studied the impact of graphene oxide in the PLA
matrix for the development of composite films. The results show that,
the addition of graphene oxide has improved the glass transition tem-
perature and crystallization temperature of the developed composite
(Ahmed et al., 2021). Yurttas et al. modified the wood flour particle and
extruded the PLA polymeric filaments for 3D printing applications. The
results show that, the silver nitrate treatment with 10% particle concen-
tration imparts the maximum mechanical and thermal properties
(Yurttas and Ayrilmis, 2023).

The main drawback occurred in the previous work is the untreated
particles which possess the initiation of layer debonding due to the
added organic particle. In order to improve the layer adhesion and par-
ticle matrix adhesion, an attempt was made with surface modification
on the added organic walnut shell particle. Therefore, there is a wide
variety of organic reinforcements that are used for the development of
3D printing filaments and composites. The sustainable packaging mate-
rials should be biodegradable and possess good quality in strength. In
the present, there is no chemical functionalization method to improve
the strength of the 3D printed composites. There are limited studies
only reporting the enhancement of strength by surface functionaliza-
tion of the added organic particles.

The main objective of this work is to develop a 3D printed
biodegradable PLA bio-composites with various weight percentage of
(0, 5, 10, 15 wt%) untreated and silane functionalized walnut shell par-
ticles. Variation occurred during the silane chemical modification on
the walnut shell particles is analyzed by X-ray diffraction and Fourier
Transform Infra-Red (FT-IR) Spectroscopic technique. The quality of
the extruded filaments for the 3D printing process is accessed based on
the physical properties and melt flow index value. Further the mechani-
cal strength, water absorption and thermal stability of the 3D printed
component are analyzed to evaluate the usage in practical applications.
Fractographical analysis of the fractured samples are examined using
the scanning electron microscopic technique to find out the mode of
fracture. Finally, bio degradation behaviors of the developed PLA bio-
composites are accessed to employ for food packaging applications.

2. Materials and Methods

2.1. Raw materials

In the present study, PLA is selected as the raw material, procured
from Nature Works Co., Ltd., USA. The PLA granules are extrusion
grade with a trade name of INGEO 3D850 (ρ = 1.24 g/cc; Melt flow
rate= 7–9 g/10 min; Tm= 165–180 ℃).

Walnut fruit hulls are offered by the local nut-dealing industries lo-
cated in India. The walnut shells are cleaned from impurities and crin-
kled using the Willys mill. The size-reduced walnut shell particles are
sieved to their respective sizes and used as reinforcement for the next
stage of the filament extrusion process. Fig. 1 shows the processing of
walnut shell into particles.
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Fig. 1. Schematic procedure for generation of walnut shell particles.

2.2. Synthesis and chemical surface modification of walnut bio filler

Walnut shell (i.e., WAL) particle surfaces are processed by suitable
chemical surface modification techniques to improve their adhesive
properties with the polymeric components. In the current study, the
silane modification technique is opted for, and the prepared WAL parti-
cles are undergone a silane treatment with a surface-modifying reagent
of Tri vinyl ethoxy silane (Sigma Aldrich, UK). The silane mixture con-
sists of 5% of silane solution in the water and ethanol with a ratio of
20:80. Further, the pH of the mixture is kept constant by adding a few
drops of acetic anhydride solution. The prepared WAL particles are
mixed into the solution by mechanical stirring for 15 min, filtered using
Whatman filter paper and dried for 30 min at room temperature. The
surface functionalized WAL particles are further dehydrated in a vac-
uum oven at 80 ℃ for 12 h. Further, the particles are used for the char-
acterization and filament extrusion.

2.3. Characterization of surface modified walnut bio filler

X-Ray diffraction (XRD) studies of the WAL particle are conducted
using the D8 Advance-Bruker X-Ray diffractometer, to analyze the crys-
tallinity structure and index of the WAL particles. The experiment is
conducted with a diffraction angle of 10–60° with an operating voltage
of 40 kV. Fourier-transform infrared spectroscopy (FTIR) study analyses
the functional modification occurred during the silane treatment
process. In this study, Bruker alpha FTIR spectrometer is used with
transmittance mode and range of 400–5000 cm-1 in an ATR mode. The
functional group modifications such as hydroxyl, amino and other func-
tional groups are identified by this study.

The particle morphology and size of the crushed particles are mea-
sured using the scanning electron microscopy (Make: JEOL, US). The el-
emental analysis of the untreated and silane treated WAL particles are
identified to elaborate the oxygen to carbon ratio of the WAL bio filler.

2.4. Extrusion of silane functionalized walnut shell reinforced PLA filament

The untreated and silane functionalized WAL particles of various
composition such as 0,5,10 and 15 wt% are used for the composite PLA
polymeric filament extrusion. The composite WAL/PLA polymeric fila-
ments are squeezed out by the single screw extruder. Initially the PLA
polymer and the WAL particles are assorted by the compounding unit,
further the mixed WAL /PLA granules are fed into the hopper of the ex-
truder. The extruder is operated with an extrusion temperature of

155–165 ℃ and a speed of 200–300 rpm. Further the WAL/PLA fila-
ments are winded automatically and the diameter is maintained of
about 1.75 ± 0.06 mm for each composition. Fig. 2 shows the WAL/
PLA polymeric composite filament extrusion procedure.

2.5. 3D printing of WAL/PLA polymer composites

The feedstock material for the current study is selected based on the
WAL/PLA filament composition. The feedstock material is loaded in the
commercially available FFF printer (Make: Pratham 3.0, India). The de-
sign models of the mechanical testing samples are considered using the
design software. Further the developed models are sliced using CURA
software. The developed G codes are given as an input for the model to
be 3D printed. The constant printing parameters such as printing speed
of 20 mm/sec, infill pattern of line, printing bed temperature of 60 ℃,
infill density of 100%, and layer height of 0.1 mm is considered for the
FFF process of the various composition of WAL/PLA polymer compos-
ites.

Fig. 2. Process layout for WAL/PLA filament extrusion and 3D printing.
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2.6. Physical and mechanical property analysis

The density of 3D printed untreated and silane treated WAL/PLA bio
polymeric composite is analyzed using the ASTM standard in a density
tester. Initially the mass of the 3D printed WAL/PLA polymer composite
sample in air and water is analyzed using the weighing scale. The mea-
sured mass values of each composition and density of the water are
used for calculating the density of the respective composites. The den-
sity of the respective 3D printed WAL/ PLA composite is measured us-
ing the Eq. (1),

(1)

where Mw and Ma indicate the mass of the samples in water and air,
and ρw density of water is 1 g/cm3.

Mechanical properties of the different composition of WAL/PLA 3D
printed composite are conducted as per the ASTM standard. Tensile,
flexural and compression tests are assisted in Universal Testing Ma-
chine (Make: Shimadzu, Japan) with a strain rate of 2 mm/min with
various attachments. Tensile test is done as per the ASTM D638 stan-
dard and the dog bone shaped tensile test samples with a dimension of
63.50 mm × 9.53 mm × 3.4 mm is 3D printed. Flexural test is done as
per the ASTM D790 standard, the experiment was done with a three-
point bending set up attached with the machine. Rectangular shaped
flexural samples are 3D printed with a dimension of 125 mm × 12.7
mm × 3.4 mm. Compressive test experiments are carried out as per the
ASTM D695 standard for the various composition of untreated and
silane treated 3D printed WAL/PLA composites. The cylindrical com-
pression samples are prepared with a dimension of 12.7 mm × 25.4
mm and the compressive load acting on the flat faces of the sample.

Impact test of the various composition of 3D printed WAL/PLA poly-
mer composite is assisted as per the ASTM D6110 standard via a Charpy
impact test machine. The samples are 3D printed with a dimension of
126 mm × 12.7 mm × 5 mm. For considering various tensile, flexural,
compression and impact tests, for each composition and test settings
five samples are tried and their average values are measured and re-
ported.

2.7. Melt flow index of the extruded filaments

The processing condition and uniform flowability of the extruded
filament is measured using the melt flow index value and the test is
done in a Meltfixer LT, with an extrusion load of 2.16 kg with an extru-
sion temperature of 180 ℃. The parameters are kept constant for vari-
ous compositions (0,5,10,15%) and treatment (untreated and silane) on
WAL particles reinforced composites. For each test conditions, the sam-
ples are extruded for 10 times and the values are noted and the average
value is finally considered for the melt flow index value of the respec-
tive WAL/PLA composites.

2.8. Water contact angle

Surface phenomenon such as capillarity mode of water absorption
for the 3D printed WAL/PLA bio composites with respect to various
composition percentage and surface modification is identified using the
contact angle measurement technique via the Ossila contact angle go-
niometer (UK). The experiment is conducted by sessile drop method, in
that distilled water of 5 μL is sited over the width of the 3D printed com-
posite surface. The contact angle is calculated in both the right and left
sides of each composite three times, with the average value being the
mean contact angle for the respective WAL/PLA composite.

2.9. Water absorption test

Water absorption test of the 3D printed WAL/PLA composite is done
to measure the swelling behavior of the composite under different envi-
ronmental conditions. As per the ASTM D570–99 standard, the water
absorption WAL/PLA samples are 3D printed with a dimension of 39
mm × 10 mm × 3.4 mm. The printed samples are dried, and the dry
weight is measured as Wi and the WAL/PLA samples are engrossed in
different types of water conditions such as normal water, hot water and
sea water for 24 h. Then the WAL/PLA samples are taken out, and the
excess water are wiped off and the final weight is noted as Wf. Based on
the variation in the mass of the WAL/PLA sample, the swelling behavior
or water absorption percentage of the composite is measured and the
typical Eq. (2) for measuring the water absorption behavior of the vari-
ous 3D printed WAL/PLA composite is mentioned below,

(2)

whereas, Wi measures the initial weight of the WAL/PLA sample be-
fore water immersion and Wf represents final weight of the WAL/PLA
sample after water immersion.

2.10. Biodegradability analysis

Biodegradation phenomenon of the developed WAL/PLA composite
is analyzed using the soil burial test. The test is made in a closed envi-
ronment, the organic soil which have the constituents of coco peat,
charcoal, fine sand and microorganisms are used as the source for the
experimentation. During the soil burial test, the soil moisture content is
maintained at 40%, the evaporated water is adjusted by spraying the
distilled water on the surface of the organic soil. During the test, 10 mm
× 10 mm × 3.4 mm cross section samples are used, the WAL/PLA sam-
ples are washed with ethanol and dried in vacuum oven at 45 ℃. Sam-
ples are placed inside the sand for the period of 30 days and 60 days of
time interval. The sample is then cleaned and dried in the furnace. After
that, the WAL/PLA polymeric sample weight is measured to estimate
the biodegradation rate of the WAL/PLA composite. The biodegrada-
tion rate of the composite is measured by Eq. (3) mentioned below,

(3)

in which Wb denotes the mass of the WAL/PLA sample before soil
burial, and Wa represents mass of the WAL/PLA sample after soil burial.

2.11. Fractography analysis of the tested samples

Distribution of the WAL particle in the PLA matrix is measured using
the Scanning Electron Microscopy technique. Tensile fractured WAL/
PLA samples of different compositions are further analyzed, and the
fracture morphology is examined to evaluate the mode of fracture of
the respective bio-composite.

3. Results and discussion

3.1. FTIR and XRD analysis of untreated and silane functionalised WAL
particles

Fig. 3(a) shows the FTIR spectra of the untreated and silane grafted
WAL particles and it clearly shows the functional modification based
on the peak shifting and absence of the respective functional group.
The detected spectra at 3618–3009 cm-1 depicts that O-H stretching of
H-bonded alcohol, phenol and water groups, and it is unaffected in
both untreated and silane treated WAL particles. The peak present in
2915 and 2837 cm-1 matches to CH stretching of cellulose and hemicel-
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Fig. 3. (a) FTIR spectra, and (b) XRD Spectra of untreated and silane treated walnut shell particle.

lulose, those peaks are strong and intense, and they are not hydrolysed
under silane grafting. For the untreated WAL particles, there is a pres-
ence of peak at 1731 cm-1 matches to C═O stretching of carboxylic acid
and the ester group of hemicellulose. It is not appeared in the respec-
tive silane grafted WAL powders. Likewise, the peak in the range of
1232 cm-1 corresponds to C-O stretching of the acetyl group of hemicel-
lulose. These peaks are present in the untreated WAL particles and the
peak intensity is drastically condensed for the silane grafted WAL parti-
cles. From the observed results of peak condensed at 1232 cm-1, which
is an indication that removal of strength reducing substances from the
organic fillers by suitable chemical modifications process. Likewise, the
silane treatment has effectively removed the hemicellulose of hemp fi-
bre in a study by Swapan et al (Sawpan et al., 2011). By considering the
peak that corresponds to 1449 and 1359 cm-1 related to CH2 and CH
bending of cellulose it is unaffected in the silane grafted WAL particles.
The peak present in 903–1158 cm-1 refers to C-O stretching of polysac-
charides in the cellulose. It results the silane treatment which does not
alter the basic properties of the organic reinforcements. Finally, regard-
ing the effect of silane grafting, there is an additional weak peak pre-
sent in the range of 1099 cm-1 and called asymmetric stretching of Si-O-
Si bond from the silane solution. Due to the condensation reaction of
cellulose from the WAL particles with silane solution, the Si bond has
been grafted on the cellulose structure (Hong et al., 2008).

Fig. 3(b) shows the X-Ray diffraction analysis of the untreated and
silane grafted WAL particles. The major peak observed at 2° angle of
15.88°, 17.46°, 22.31°, and 35.06° with a corresponding lattice plane of
(1−10), (110), (200), and (004) is an indication of cellulose I crystal-
lites. The XRD results clearly shows that, the cellulose 1 crystalline
planes of the silane grafted WAL particles which does not overlap with
the untreated WAL particles. It shows the good amount of cellulose
were present in the both the WAL particles. The outcome of silane
treatment, the structural alteration from cellulose I to cellulose II is not
arisen on the WAL particles. Manimaran et al. concluded the similar
observation on the structural change of cellulose on the nendran ba-
nana peduncle plant (Manimaran et al., 2020).

(4)

where Iam,and Icr denote amorphous intensity and crystalline inten-
sity at an angle (2θ).

The crystallinity index of the WAL particle is considered based on
the above-mentioned equation. The results show that 55.3% and 61.2%
of crystallinity value is observed on the untreated and silane treated
WAL particles. This result is an indication of removal of other unwanted
elements such as pectin, wax, hemicellulose from the WAL particle. It
results in better cellulose packing on the walnut shell with effective re-
moval of amorphous material. A similar observation on the silane

treated fish tail palm fibre has effectively removed the amorphous
strength reducing substances from the fibre surface (Sabarinathan et
al., 2020). It could result in improved interfacial adhesion and strength
enhancement with utilization in the polymer composites.

3.2. SEM and EDX analysis of functionalised WAL particle

Fig. 4(a and c) shows the SEM images of untreated and silane
treated WAL particles. SEM analysis of untreated WAL particles shows
presence of surface impurities such as wax, pectin and hemicellulose
on the surface of the WAL particle. And the silane grafted WAL parti-
cles in Fig. 4(c) shows the smooth surface and removal of those un-
wanted impurities. Further those surfaces which are containing the ser-
rated profile displays an indication of siloxane layer coated on the wal-
nut shell surfaces. This silane coating will improve the interlocking of
polymer with the added organic particles. Similar remark on the silane
grafting was made by Cai et al. on the natural fibre composites (Cai et
al., 2015). Fig. 4(b and d) shows the elemental mapping of the un-
treated and silane treated WAL particles. From the observed outcomes,
the elements present in the WAL particle are oxygen, carbon, man-
ganese, sodium, calcium and other constituents. The reason for
analysing the EDX analysis on the functionally modified walnut shell is
to identify its oxygen to carbon ratio. The untreated and silane treated
WAL particles reveal the oxygen to carbon ratio of 0.70 and 0.79, re-
spectively. According to the results, the maximum oxygen to carbon ra-
tio is detected on the silane treated WAL particle. This is due to reduc-
tion of carbon content such as impurities such as lignin, and hemicellu-
lose from the WAL particle surface during chemical modification
process. Similar report indicates the silane surface modified kigelina
Africa natural fibre shows improved oxygen to carbon ratio compared
with untreated natural fibres (Vishal et al., 2022).

3.3. Physical properties of the prepared 3D printed PLA/ WAL composite

Table 1 reports the various configuration and designation of 3D
printed WAL/PLA composites. The physical properties of the prepared
WAL/PLA composite are measured before analysing the mechanical
properties. The observed density results of various untreated and
silane treated WAL/PLA composites show that, adding of WAL parti-
cles decreases the density value. This is due to the WAL particle which
exhibits lowest bulk density value of 0.52 gm/cc. The lowest density
of 1.138 gm/cc is dictated on UN15 composite, and for considering the
silane grafted composites SN15 composites shows the lowest density of
1.142 gm/cc. This is because the effect of silane treatment of the sur-
face impurities is detached and increases the cellulose crystallites in
the WAL particles. The void content or porosity is a measure of num-
ber of voids present in the prepared 3D printed samples. Maximum
void content of 2.47% is dictated on UN15% composite followed by
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Fig. 4. SEM and EDX analysis of walnut shell (a and b) untreated and (c and d) silane treated.

Table 1
Physical properties of the developed PLA/ WAL composites.
Sl
No

Sample
Designation

Type of
treatment

PLA
(wt%)

Walnut
shell (wt%)

Density
(g/cm3)

Porosity
(%)

1 UN0 No
treatment

100 0 1.22 1.52

2 UN5 Untreated 95 5 1.184 2.04
3 UN10 Untreated 90 10 1.154 2.27
4 UN15 Untreated 85 15 1.138 2.47
5 SN5 Silane

Treated
95 5 1.210 1.195

6 SN10 Silane
Treated

90 10 1.159 2.09

7 SN15 Silane
Treated

85 15 1.142 2.21

SN15% composite of 2.21%. By adding or increasing in the WAL parti-
cle composition in the PLA composite, the void content is increased.
This is due to added organic filler such as WAL particles which is hy-
drophilic in nature and with increases in WAL particle composition
there is a steep rise in the void content of the composites. The 3D
printed samples, deposited layer by layer, are also the reason for the
increases in the porosity of the composite. The observed void content
results show that the maximum void content value is less than 5% and

the composites are most suitable for the commercial applications
(Sreekumar et al., 2009).

3.4. Mechanical properties of the 3D printed WAL/PLA composite

3.4.1. Tensile properties
Fig. 5(a) shows the tensile strength results of the untreated and

silane treated WAL/PLA polymer composites. The maximum tensile
strength of 37.31 MPa is dictated on the neat 3D printed PLA compos-
ite. Addition of (WAL) particles reduce the tensile strength property
with respect to neat PLA polymer. Among those untreated WAL parti-
cle reinforced PLA composites, the composites designated with UN10
composites exhibits the maximum tensile strength of 27.1 MPa fol-
lowed by UN15 of 26.7 MPa and UN5 composites of 22.52 MPa. Ini-
tially the addition of reinforcement shows an increasing trend in the
tensile strength, and beyond 10% there is a marginal decrease in the
tensile strength value.

For the silane grafted composites, the composite with SN10 displays
the highest tensile strength of 29.19 MPa. The results clearly indicate
that the silane grafting of organic reinforcements enhance the tensile
strength effectively. Compared with the untreated WAL/PLA compos-
ites, the silane treated WAL composites with 5,10%, and 15% composi-
tion increases the tensile strength by 6.79%, 7.7% and 2.84%. It is due

Fig. 5. (a) Tensile strength and (b) Tensile modulus of WAL/PLA composites.
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to the untreated WAL composite as there is a presence of hemicellulose,
lignin and wax on the walnut shell. It will increase the brittleness of the
composite and the samples cannot bear higher load withstanding capa-
bility (Phuong et al., 2007). With the incorporation of silane grafted
composites, the substances that weaken the strength are eliminated,
leading to an enhancement in the tensile strength of the composite. The
formation of a siloxane bond enhances the interfacial adhesion between
the WAL fillers and the polymeric matrix in the composite. Similar re-
sults indicating improved tensile properties were observed by Luo et al.
in their study on silane grafted corn fibre-reinforced PLA composites
(Luo et al., 2016).

Fig. 5(b) shows the tensile modulus results of the untreated and
silane treated WAL/PLA polymer composites. The maximum tensile
modulus of 1421 MPa and 1296 MPa is detected on the silane treated
and untreated 3D printed PLA of SN10 and UN10 composites. The low-
est tensile modulus of 970 MPa is read for the neat PLA composites and
is 46.41% and 33.60% lower than the silane treated and untreated 3D
printed PLA of SN10 and UN10 composites. Increasing the organic WAL
particles in the PLA matrix shows an increase in the tensile modulus up
to 10% for both composites. It is due to the added WAL particles which
share the applied load to the PLA matrix and it results in increased stiff-
ness than the neat PLA composite. Likewise considering the silane
treated reinforcements exhibits higher tensile modulus than the un-
treated WAL particle added composites for all the compositions. This is
because of the surface modification of walnut shell by the Si–O–CH3functional group which enhances the interfacial adhesion of the WAL
particle with the PLA polymer. The primary chain of silane remains
compatible with the nonpolar PLA, thus enhancing the adhesion at the
interface between the WAL filler and PLA in the two-phase system. This
compatibility is achieved because the silane can undergo hydrolysis,
forming silanol groups that interact with both the WAL and the PLA
matrix. Liu et al. observed similar results on increased tensile modulus
due to the silane modification on the added wood flour PLA composite
(Liu et al., 2016).

At 15% concentration of untreated and silane treated UN15 and
SN15, composites exhibit lower tensile modulus value of 1174 MPa and
1213 MPa than the 10% composites. It is due to improper interfacial ad-
hesion of WAL particle with matrix which results in an unbalanced load
sharing with the PLA polymer. The reduction in mechanical strength
upon subsequent loading can be attributed to insufficient wetting of the
higher concentration of added particles within the matrix. This incom-
plete wetting results in a higher susceptibility to composite failure. The
increase in wood particle content is a result of the reduced flexibility of
the matrix, which is constrained by the presence of rigid particles
(Hamming et al., 2009).

3.4.2. Flexural properties
Fig. 6(a) shows the flexural strength results of the untreated and

silane treated WAL/PLA polymeric composites. The maximum flex-
ural strength of 53.25 MPa is detected on the neat 3D printed PLA
composite. Increases in the WAL particle content shows a decreasing
trend in the flexural strength value. The maximum flexural strength
values 47.29 MPa on the untreated 5% WAL particle reinforced 3D
printed composites. During the 3D printing process, the extruded fila-
ments which consists of WAL particle and molecular chain of the PLA
polymer is oriented along the X-Y plane. Under flexural loading, the
load acts on the sample perpendicular to the stress direction (Z
plane). The interfacial layer adhesion majorly influences in the en-
hancement of the flexural strength of the 3D printed polymeric com-
posites (Liu et al., 2019). In case of silane functionalized WAL/PLA
composites, they show higher flexural strength value of 49.1 MPa,
46.5 MPa and 44.3 MPa for the SN5, SN10 and SN15 composites
when compared with the untreated WAL/PLA composite. This shows
that the effect of silane grafting improves the interfacial adhesion of
WAL particle with the PLA matrix. It may improve the layer adhesion
and exhibits higher flexural strength when compared with untreated
composites (Vishal et al., 2023).

Fig. 6(b) shows the flexural modulus results of the untreated and
silane treated WAL/PLA polymeric composite. The lowest flexural
modulus of 590 MPa is detected on the neat 3D printed PLA composite.
The addition of WAL particles in the PLA matrix shows an increasing
trend in the flexural modulus value. Among the untreated composites,
the composite with UN10 composition exploits the maximum flexural
modulus value of 773 MPa compared with other untreated WAL/PLA
composites. The reason for increased flexural modulus by the addition
of WAL particles is that it reduces the brittleness of the composite.
Likewise for the silane functionalized WAL/PLA polymeric composites,
they show higher flexural modulus value of 689 MPa, 861 MPa and
758 MPa for the SN5, SN10 and SN15 composites. Among the observed
results, the silane grafted 10% composition shows the highest flexural
modulus value. The enhancement in flexural modulus can be attrib-
uted to the impact of silane grafting, which removes hemicellulose and
other undesirable components, thereby increasing the stiffness of the
composite. Silane grafting also has the potential to improve the interfa-
cial adhesion with both the WAL particles and PLA matrix, resulting in
a greater ability to transfer stress compared to untreated compositions.
Similar results on the flexural modulus of the sugarcane bagasse fibre
reinforced Poly Lactic Acid composite were reposted by Liu et al (Liu
et al., 2019). In case of a higher concentration of WAL particle for both
untreated and silane treated composites, it may reduce the flexural
modulus, due to uneven load sharing in the interlayers of the compos-
ites.

Fig. 6. (a) Flexural strength and (b) Flexural Modulus of WAL/PLA composites.
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3.4.3. Compressive and Impact strength of WAL/PLA composites
Fig. 7(a) shows the compressive strength results of the untreated

and silane treated WAL/PLA polymeric composite. A compressive
strength value of 54.21 MPa, 63.40 MPa and 69.71 MPa is found for
the 3D printed untreated WAL/PLA polymeric composites of UN5,
UN10 and UN15 composites. Addition of WAL particle concentration
has a positive impact on the compression property. The maximum
compressive strength of 69.71 MPa is noticed on UN15 composites that
is 43.75% higher than the neat 3D printed PLA composites. The reason
for acquiring the higher compressive strength is due to uniform distrib-
ution of WAL particle in the PLA matrix. In case of silane grafted WAL
particle reinforced composites, compressive strength of 59.51 MPa,
67.08 MPa and 74.32 MPa is read for the SN5, SN10 and SN15 com-
posites. The silane treated WAL/PLA composites with same composi-
tions which exhibits a higher compressive strength of 9.7%, 5% and
6.61% compared with the untreated WAL/PLA polymeric composites.
The reason for the enhancement in the compressive properties is that,
under compressive loading conditions the loading plane parallel along
the printed layers, the uniformly distributed particle with better an-
chorage may fill the pores under the compressive load acting on the
material (Zhu et al., 2017). This may improve the ultimate failure
loading point than the untreated WAL particle reinforced composite.

Fig. 7(b) shows the impact strength results of the untreated and
silane treated WAL particle reinforced PLA composite. The maximum
impact strength of 9.8KJ/m2 is observed for the silane grafted com-
posite designated as SN10 composite. This is because of rapid trans-
fer and high volume of energy absorption by the added WAL parti-
cles into the PLA polymeric matrix. Comparing the other untreated
UN10 compositions with the silane treated SN10 designated compos-
ites shows an improved impact strength by 19.51%. It is due to a

better interfacial adhesion obtained from the silane functional group
attached on the WAL particles. Beyond 10% of silane treated WAL/
PLA composite, the composite with UNI5 and SN15 exhibits 25.07%
and 17.32% reduction in the impact strength value. The higher com-
position of the added WAL particles may hinder the layer adhesion
and reduced the energy storage capacity of the composite. Similar re-
sult was reported for the graphene particle reinforced PEEK compos-
ites (Puértolas et al., 2019).

3.4.4. Melt flow index and D shore Hardness value of WAL/PLA
composites

Fig. 8(a) shows the melt flow index value of the untreated and
silane treated WAL/PLA polymeric composites. Melt flow index is used
to measure the melting phenomenon of the polymeric filaments for 3D
printing process. The result shows that, the melt flow index value de-
creases with an increase in the WAL particle composition. The maxi-
mum melt flow index value is detected for the neat PLA composition of
6.97 g/10 min. The lowest melt flow index value of 6.5 g/10 min is
found for UN15 composites. This is an indication of the reduction in the
polymeric viscosity and requires more load to extrude the filaments out
from the nozzle. The reason for this decrease in the melt flow index
value with respect to particle concentration is restriction of polymeric
chain movement by the added WAL particle (Palaniyappan et al.,
2023a). Compared to the silane treated WAL/PLA filaments the melt
flow index value is higher about 4.3%, 5.9% and 15.3% for the 5%,
10% and 15% compositions. These results are a clear indication of the
effect of silane treatment, the unwanted impurities present in the WAL
particle surface are removed effectively and reduces the restriction of
free molecular chain movement of the polymers. Palaniyappan et al. re-

Fig. 7. (a) Compressive strength and (b) Impact strength results of WAL/PLA composites.

Fig. 8. (a) Melt flow index and (b) Shore hardness results of WAL/PLA composites.
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ported similar outcomes on the extrusion of crab shell particle rein-
forced PLA composites (Palaniyappan et al., 2023b).

Fig. 8(b) shows the shore hardness results of the untreated and
silane treated WAL/PLA polymeric composites. The shore hardness re-
sults for the untreated and silane treated WAL/PLA composites show
that, the maximum hardness value for the untreated composites is
77.9% for UN15 composite and becomes 78.8% for SN 15 composite.
The results of the neat 3D printed PLA composites exhibit the hardness
value of 71 MPa, which is 10.98% and 9.71% lower for UN15 and SN
15 composites. Increase in the WAL particle concentration shows an
improvement in the hardness value of the composite. This is due to
added WAL particle which is harder and able to bear the applied load
against indentation. The added particles are more rigid when com-
pared to neat PLA polymer which may increase the rigidity and stiff-
ness of the composite. By increasing the WAL particle concentration,
the WAL particles are dispersed into the PLA polymeric matrix and oc-
cupies huge volume which bears more load against indentation
(Palaniyappan et al., 2022). In the case of silane grafted WAL/PLA
composites, the interfacial adhesion between each layer is enhanced,
potentially making them better equipped to resist penetration by an
indenter, in contrast to untreated WAL/PLA composites.

3.4.5. Heat deflection temperature and Contact angle of WAL/PLA 3D
printed composites

Fig. 9(a) shows the heat deflection temperature results of the un-
treated and silane treated WAL/PLA polymeric composites. The mea-
sure of heat deflection temperature is used to analyses the softening
working point of the respective composite, and this can be varied
based on the type of reinforcements and fabrication route. The heat
deflection temperature results of the neat PLA composite which is
UN0 composition shows the lowest heat deflection temperature of 51
℃. The increase in the WAL particle concentration increases the heat
deflection temperature for both the untreated and silane treated
WAL/PLA polymeric composites. This is because of insulating charac-
teristics of added WAL particles which increases the heat deflection
temperature compared to neat PLA polymer.

The maximum heat deflection temperature of the untreated and
silane treated WAL particle added composites is obtained for UN15 and
SN15 composites as 62.21 ℃ and 63.79 ℃. The improvement in the
heat deflection temperature is that, the added WAL particles have bet-
ter insulating characteristics when compared with the biodegradable
PLA composites. In case of silane treated composites, the added silane
functional group acts as a barrier on the WAL fillers to distribute the
temperature faster. This may reduce the localized strain at a particular
point and reduce the deflection rate with improved heat deflection tem-
perature values (Huda et al., 2008).

Fig. 9(b) shows the contact angle results of the various composi-
tions of untreated and silane treated WAL/PLA polymeric composite.

The experimental contact angle results show that, the maximum con-
tact angle value of 83.21° is detected for the neat 3D printed PLA speci-
mens. It is an indication of hydrophobic behavior of PLA polymer
which possesses lower wettability when associated with other WAL/
PLA polymeric composites. An increase in the WAL particle concentra-
tion decreases the contact angle value, and the lowest contact angle
value of 54.21° is observed on UN15 WAL/PLA polymeric composite.
The introduction of WAL particles augments the presence of free hy-
droxyl groups within the PLA matrix. When these hydroxyl groups
come into contact with water molecules, they readily absorb water,
causing a decrease in the spherical shape of water droplets. This, in
turn, can lead to a reduction in the contact angle for the respective
composites and an increased tendency for the WAL/PLA composites to
be hydrophilic. The untreated WAL/PLA composites of UN5, UN10,
and UN15 observes lower contact angle value of 4%, 6.3% and 11.11%
when compared with the silane treated WAL/PLA composites. The ef-
fect of silane grafting the silane layer acts as a barrier for the water
molecule interaction and increases the hydrophobic tendency of the
composite compared with the untreated WAL/PLA composite.
Palaniyappan et al (Palaniyappan et al., 2023a). exploited similar re-
sults on the walnut shell added poly lactic acid. The addition of organic
particles may decrease the contact angle drastically.

3.5. Water absorption behavior of WAL/PLA 3D printed composites

In this work, the 3D printed samples are exposed in three different
kind of environmental conditions such as normal water, hot water and
sea water. For the experimentation the deionized water is used for the
normal and hot water conditions. In case of sea water condition, the
water is collected from the Kovalam beach (India) and the pH is
checked with pH meter. The measured pH values are in the range of
7.8–8.3 and used for the respective analysis. Fig. 10 shows the water ab-
sorption results for the various 3D printed WAL/PLA composites under
different environmental conditions.

The water absorption phenomenon of various conditions such as
normal, hot, and sea water condition is studied with respect to various
WAL/PLA polymeric composites. The results show that, in all the condi-
tions increasing in the WAL particle concentration in the PLA matrix in-
creases the water absorption values. This is because of the combined ac-
tion of both hydrophilic (WAL particles) and hydrophobic (PLA) behav-
ior of the composite, and finally the composite behaves as an Amphi-
pathic molecules type. From the radar distribution plot, both UN15 and
SN15 composites exhibit higher water absorption value. In case of
silane grafted composites, the water absorption is lower in order. This is
owing to the effective removal of water absorbing molecules such as
hemicellulose and lignin from the WAL particle. The rate of diffusivity
is lower for the silane treated WAL/PLA polymeric composites com-
pared with untreated WAL/PLA polymeric composites. Ramraji et al

Fig. 9. (a) Heat deflection temperature and (b) Contact angle of WAL/PLA composites.
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Fig. 10. Water absorption results of WAL/PLA composites under different conditions.

(Ramraji et al., 2019). observed similar results on the silane treated al-
mond shell reinforced flax fibre epoxy composite. Silane treatment re-
duced the water absorption value than the untreated composite.

Among the various environmental conditions, the hot water condi-
tions with UN15 composites show the maximum water absorption
value of 1.573%. The reason for the increased diffusivity of water mole-
cule is that composites 3D printed in multiple layers and the hot water
may increase the rate of diffusivity of water molecule with the multiple
pathways (layer gap and reinforcement porosity). It helps observing
maximum water absorption value by the boosted diffusivity of hot wa-
ter condition on UN15 and SN15 composites. For saltwater conditions,
the water absorption values are higher than the normal water condi-
tions samples. The maximum water absorption value of 1.408% and
1.304% is observed for UN15 and SN15 composites, and it is 6.5% and
4.9% lower than the normal water condition samples. The cause for the
increased water uptake for the saltwater condition is that, the presence
of sodium chloride in the water molecule may deposit on the compos-
ites, form an additional layer on the composite and uphold the water
molecule inside the composites (Palaniyappan et al., 2022). The lowest
water absorption from all the composites is observed for the SN5 com-
posites as 0.688 under normal water condition. The sequential results
for obtaining the lowest water absorption value for the WAL/PLA com-
posites are normal water>salt water >hot water.

3.6. Bio degradation behavior of WAL/PLA 3D printed composites

Soil burial test of the prepared composite measures the biodegrada-
tion ability of the material under the natural environmental conditions.
This result dictates the biodegradability of the composite. Fig. 11 shows
the mass loss of the neat 3D printed PLA and WAL/PLA composite sam-
ples for the different time interval of 30- and 60-days. The lowest mass
loss is observed on the neat PLA composites as 4.9% and 11.7% for the
burial duration of 30 days and 60 days, respectively.

Increase in the WAL particle concentration in the polymer compos-
ites linearly increases the biodegradation ability of the composites. The
maximum mass loss of 19.1% and 17.4% is obtained on the 3D printed
WAL/PLA composite with UN15 and SN15 designated WAL/PLA com-
posites. Maximum WAL particle loaded composites exhibits higher
mass loss, and it is due to the added hydrophilic tendency WAL particle
which readily observes water and has various open pockets for observ-

Fig. 11. Mass loss of the WAL/PLA composite under different durations.

ing water. Therefore, the active places in the polar chain PLA polymer
can interact readily with the microorganism. It may induce the kinetic
growth rate of degradation of the polymeric materials. Similar observa-
tion on the biodegradation kinetics was reported by the Sekar et al. on
the 3D printed wood particle reinforced PLA composite (Sekar et al.,
2022).

Further considering various interval of mass loss of the samples, the
soil buried WAL/PLA samples under 60 days of time interval shows
higher mass loss. Considered UN15 and SN15 composites with 60 days
of time interval samples exhibit of 7.54% and 6.49% higher mass loss
when compared with the 30 days soil burial duration. This indicates
that, higher burial time leads to steady state reaction of microorganism
with the inner core of the WAL/PLA composites. The silane grafted
composites of various compositions are compared with the untreated
WAL/PLA and the neat PLA composites. The silane treated composite
shows lesser mass loss compared with untreated WAL/PLA composite.
The lowest mass loss value of 4.9% occurs on the UN5 composite with
30 days of soil burial duration. It is because the silane grafting may re-
lease the unwanted impurities such as microorganism, pectin, wax, and
hemicellulose from the WAL particle surfaces. This may reduce the hy-
drophilicity of the particle that alters the free hydroxyl group that can
interact easily with the microorganisms (Way et al., 2012). Therefore,
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Fig. 12. SEM image of untreated WAL/PLA composites, (a)UNO, (b) UN5, and (c), UN15.

Fig. 13. SEM image of silane treated WAL/PLA composites (a) SN10, and (b) SN15.

this may take time for the degradation kinetics of the silane treated
WAL/PLA composites.

3.7. Fractographical studies of the neat PLA and WAL/PLA composites

Fig. 12 shows the tensile fractography of the 3D printed neat PLA
and WAL/PLA composites. Fig. 12 (a) shows the fractured tensile sam-
ples of neat PLA composites. The results show that the printing layers
with the presence of cleavage mode of fracture which is an indication
of brittle mode of failure of the samples. In case of UN5 composites
fractured macroscopic image of Fig. 12 (b), the matrix cracking is a pre-
dominant mode of fracture which is a hint of the added WAL particles
not enough to transfer the stress to the polymeric matrix. Considering
UN15 composites, the fractographical image in Fig. 12 (c) clearly
shows the presence of a greater number of particle pull-outs. Physically
bonded added WAL particle does not withstand the higher load and
starts to pultrude from the matrix surfaces under tensile loading, and it
may end up in severe particle pull out on the fractured surface. Similar
experimental observation on the 3D printed almond shell reinforced
PLA composite was reported, the experimental results show that at
higher concentration of almond shell particles, more particles pull out
were also observed (Singh et al., 2020b).

Fig. 13 shows the tensile fractography of the silane treated WAL/
PLA composites. For silane treated condition of SN10 samples, the par-

ticles were evenly dispersed in the polymeric matrix which is depicted
in Fig. 13 (a). There is an absence of matrix cracking which clearly
shows that the applied load is evenly shared in the polymeric matrix.
Considering SN15 composites in Fig. 13 (b), at higher particle loading
there is a minimum number of particle pull-outs when compared with
UN15 composites. This is because the silane chemical grafting may im-
prove the interfacial adhesion that results in lesser delamination oc-
curred on the SN15 composites. Similar observation on the silane
treated cork particle reinforced acrylonitrile – styrene − butyl acrylate
composite was reported (de León et al., 2022).

3.8. Application of the developed composite filaments

From the raw materials to the end products, the energy spent for
bio-composite development is lower when utilizing 3D printing tech-
nology and inorganic reinforcement. Nowadays, various end products
are required for human things. Various end products are designed and
3D printed using a design file based on individual needs. In the current
study, the developed bio-composites of SN10 composite filaments are
used for the 3D printing process to create an oval food serving basket.
Fig. 14 shows the design file and printing procedure of the developed
WAL/PLA bio-composite. Based on the heat deflection temperature re-
sults, the material can withstand higher temperatures when compared
with neat PLA composite. This sustainable bio-composite with organic
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Fig. 14. Application of the WAL/PLA composite for food packaging industries.

reinforcements and 3D printability can be a potential material for the
food packaging industry; after end use, the materials can degrade faster
than conventional polymers. From the aesthetic appearance of this bio-
composite, this added wood particle may appear similar to the wood
colour and attract the customer's attention.

4. Conclusion

Silane grafted WAL particles with different fractions was used to im-
prove the mechanical, thermal and biodegradation property of the 3D
printed polylactic acid bio-composite. Silane grafting improves the or-
ganic particle interfacial adhesion and mechanical properties such as
tensile, flexural, compression and impact strength compared with the
untreated 3D printed composites.

• The addition of WAL particle decreases the tensile and flexural
strength, but in case of modulus, the values are improved when
compared with neat Poly lactic acid composites.

• The maximum heat deflection temperature of the untreated and
silane treated particle added to WAL/PLA composites is obtained
for UN15 and SN15 composites as 62.21° and 63.79°.

• The maximum mass loss of 19.1% and 17.4% is obtained for the
3D printed WAL/PLA composite with UN15 and SN15 designated
composites.

• The sequential results for obtaining the lowest water absorption
value for the WAL/PLA composites are normal water > salt water
> hot water.

The combined results of better mechanical performance and better
biodegradation property of the 3D printed WAL/PLA composite prove
the high potential of the bio-composite as a sustainable material for the
food packaging industries. The developed bio-composites promote sus-
tainability in a new era of circular economy by offering an eco-friendly
solution that aligns with the principles of waste reduction, resource effi-
ciency, and a closed-loop system for a more environmentally conscious
future.
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