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WALNUT SHELLS AS A FILLER FOR POLYMERIC
MATERIALS

This work presents selected properties of polypropylene-based (PP) composites
modified with an organic filler, namely walnut shells (NUT). Two series of
composites were prepared via a twin-screw extrusion process, followed by
injection molding. The first series, named PP/NUT, contained 10, 20 and 40 wt%
of walnut shell powder, while the second, abbreviated PP/NUT/MAPP, apart from
nut filler included polypropylene-graft-maleic anhydride (MAPP), which was
intended to promote adhesion between the polymer and filler. The following
measuring techniques were applied: differential scanning calorimetry,
thermogravimetry, dynamic-mechanical thermal analysis, and scanning electron
microscopy. The measurements showed the filler to have a significant influence on
the properties of the PP/NUT composites in comparison with unmodified
polypropylene. It was also shown that the addition of polypropylene-graft-maleic
anhydride to the formulation enhanced interfacial bonding between the polymeric
matrix and filler. Moreover, the introduction of organic filler to the polymeric
matrix increased its stiffness without altering the crystallization kinetics of
polypropylene.
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Introduction
As environmental awareness increases, there is growing interest in developing
materials with natural fillers as desirable reinforcements for composites
[Wambua et al. 2003; Malkapuram et al. 2008; Paul et al. 2008; El Achaby et al.
2012; Essabir et al. 2013]. This interest is stimulated by a combination of several
benefits of these fillers, including low cost, light weight, non-toxicity, longer life
for tooling especially with high shearing stresses, limited abrasiveness during
processing, and improved possibilities of recycling when compared with
conventionally used inorganic fillers [Essabir et al. 2013; El-Sabbagh 2014; Bula
and Knitter 2016; Salasinska et al. 2016]. Despite their many advantages, natural
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reinforced materials still suffer from numerous issues that slow down their
implementation on the market. The most common of these are limited
processing temperature range [Błędzki et al. 2002; Bogoeva-Gaceva et al. 2007],
hydrophilicity of natural fillers [Saheb and Jog 1999; Van de Velde and Kiekens
2002; Panthapulakkal and Sain 2007], bacterial degradation [Dixita 2014],
dimensional instabilities due to water absorption [Espert et al. 2004; Taha and
Ziegmann 2006] and processing difficulties [Moran et al. 2007]. However, the
greatest challenge is the different natures of the hydrophobic matrix and
hydrophilic filler. To overcome this issue, various methods of compatibilization
are applied. In the case of PP-based composites, the most frequently used
method is the addition of maleic anhydride grafted polypropylene (MAPP) [Lu
et al. 2000; Beckermann and Pickering 2008]. MAPP consists of long polymer
chains with maleic anhydride functional groups attached. It links the non-polar
polypropylene matrix and the polar lignocellulosic filler through interaction with
the organic hydrogen groups available on the surface, which then adhere to the
matrix by linking molecular chains.
Solid lignocellulosic residues of plants, such as walnut shells (Juglans
regia L.), fulfil the conditions to serve as sustainable reinforcements for
polymeric composites [Pirayesh et al. 2012; Dobrzyńska-Mizera and Barczewski
2014]. Their chemical composition includes hemicellulose (holocellulose),
 cellulose and lignin. As evidenced in the literature [Nemli et al. 2009; Pirayesh
et al. 2012] each ingredient plays an important role in the properties of the final
polymeric product. High lignin content increases the brittleness of the material,
while cellulose causes a lowering of that parameter. Moreover, cellulose and
hemicellulose contain a large number of polar hydroxyl groups, which are able
to initiate interaction between the filler and polymeric matrix [Ayrilmis et al.
2009; Pirayesh, and Khazaeian 2012]. These functional groups are also
responsible for water uptake, as they bond water molecules, and determine
surface wettability and absorption of the resin on the lignocellulosic surface
[Gwon et al. 2010; Nourbakhsh et al. 2011]. Besides these main components,
walnut shells also contain extractives such as tannins, pectins, fats, waxes, gums,
essential oils, volatile materials and ash [Pirayesh et al. 2012]. The high content
of extractives, combined with the poor wettability of walnut shells, may result in
the weakening of bonding between particles and low internal bonding strength in
the final product [Li et al. 2010]. Therefore, the introduction of a compatibilizer
is often necessary to improve interfacial adhesion between the components.
The aim of this study is to investigate the influence of a walnut shell filler
and MAPP coupling agent on the crystallization behavior, thermal stability and
thermomechanical properties of polypropylene-based composites.
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Materials and methods
Materials
A commercial isotactic polypropylene (PP), Moplen HP500N (BasellOrlen
Polyolefin, Poland), with a density of 0.90 g/cm3 and melt flow rate of
12 g/10 min (230°C/2.16 kg) was used as the polymeric matrix. The filler was
ground walnut shells (NUT), illustrated in figure 1, obtained from crops grown
in 2013 in the Wielkopolska region of Poland. Their particle size was less than
1 mm, and the fraction below 630 µm was 82%. The chemical coupling agent
was Polybond PB3200, with MFR = 115 g/10 min (230°C/2.16 kg), and 1 wt%
of maleic anhydride (MAPP) from Chemtura (UK) was used as a compatibilizer.
a)

b)

Fig. 1. The walnut shells before (a) and after fragmentation (b)

Sample preparation
The polymer was mixed with ground walnut shells for the reference samples,
and additionally with MAPP in the case of compatibilized series, in a Retsch
GM 200 rotary mixer for 3 min at a rotation speed of 3000 rpm. Fragmentation
of walnut shells was performed using a Retsch ZM200 knife grinder. Then the
filler was sieved in a Fritsch Analysette 3 PRO vibratory sieve shaker, with
a 1 mm mesh sieve, to obtain an appropriate particle size. The compositions
containing organic filler were dried at 80 ±2°C for 24 hours prior to melt
processing. The homogenization of the premixed blends with different filler
contents (10-40 wt%) and a fixed MAPP concentration of 3 wt% was achieved
by molten state extrusion with a Zamak co-rotating twin screw extruder
operating at 190C and 70 rpm. The extrudates were ground using a Shini SG-1411 low-speed granulator. Tensile test specimens were produced according to
the ISO 527-2:2012 standard using an Engel ES 80/20HLS injection molding
machine at 200°C and an injection speed of 90 mm/s, as shown in figure 2.
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PP/NUT and PP/NUT/MAPP blends with various compositions were prepared,
as summarized in table 1.
a)

b)

c)

Fig. 2. Selected tensile test specimens of pure PP (a), PP/10NUT (b),
PP/10NUT/MAPP (c)
Table 1. PP/NUT and PP/NUT/MAPP blends with various compositions
Reference series

NUT
PP
content [wt%]

Compatibilized series

NUT

PP

MAPP

content [wt%]

PP

–

100

PP/10NUT

10

90

PP/10NUT/MAPP

10

87

3

PP/20NUT

20

80

PP/20NUT/MAPP

20

77

3

PP/40NUT

40

60

PP/40NUT/MAPP

40

57

3

Methodology
Scanning Electron Microscopy (SEM). Morphological analysis of cryogenically
fractured PP-based composites was performed using a Jeol 7001TTLS scanning
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electron microscope (SEM) (Boston, USA) in low vacuum mode, with an
accelerating voltage of 10-20 kV. Before analysis, the samples were sputter-coated with Au alloy and mounted on aluminum stubs.
Differential Scanning Calorimetry (DSC). The thermal properties of PP and its
composites were investigated using a Netzsch DSC 214 Polyma calorimeter,
equipped with an intracooler for fast cooling. The calorimeter was calibrated for
temperature and energy using indium. Dry nitrogen was used as a purge gas at
a rate of 30 ml/min. To set the structure for the analysis of crystallization
kinetics, each sample was heated from 30C to 250C at a rate of 10C min-1,
melted at 250C for 5 min to erase previous thermal history, and then cooled at
a rate of 10C min-1.
Crystallization is an exothermic process, and the heat evolved during the
phase transition may cause some thermal gradients within the sample. As
a consequence, transitions can occur at temperatures that do not correspond to
those detected by the instrumentation [Di Lorenzo et al. 2001; Vyazovkin et al.
2014]. The thicker the sample, the more critical this problem becomes. To
minimize this issue, the sample mass was limited to 4.0 ±0.5 mg.
Thermogravimetric analysis (TGA). The progress of thermal degradation of
PP/NUT composites was determined by thermogravimetric analyses at
temperatures between 30C and 600C, at a heating rate of 10C min-1 under
nitrogen atmosphere using a Netzsch TG 209 F1 apparatus. Samples weighing
approximately 10 mg were placed in ceramic pans. The decomposition onset
temperature To was determined at the point of intersection of tangents to two
branches of the thermogravimetric curve. The first derivatives of the TG curves
(DTG), indicating the maximum intensity of thermal degradation, were also
calculated.
Moisture content (M). The moisture content of the materials was determined
using an AXIS ATS 60 moisture analyzer. The measurement was carried out at
105°C for a time of 10 min. Each measurement was repeated three times to
verify its reproducibility. Moisture content was calculated using equation (1):
M=

m1 −m
⋅100 [ ]
m

(1)

where: m1 is the initial mass [g];
m is the final mass [g].
Ash content determination. Ash content was analyzed according to PN-EN ISO
3451-1:2010 (direct calcination method). Samples of 30 ±5 mg were prepared
and burnt in air at 850°C for 3.5 h until complete calcination. Ash content after
burning, expressed as a percentage, was calculated using equation (2):
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A=

ma
⋅100[ ]
ms

(2)

where: ma is the ash content [g];
ms is the initial sample mass [g].
Dynamic mechanical thermal analysis (DMTA). These tests were performed
using an Anton Paar MCR 301 rheometer equipped with a torsion measuring
tool. Non-isothermal investigations were carried out at a constant frequency of
1 Hz and a strain of 0.01%. All samples were cooled to –50°C followed by
heating up to 110°C, with a temperature ramp of 2°C/min.

Results and discussion
To gain information about the phase structure and morphology of the PP
composites containing organic filler and compatibilizer, SEM analyses were
performed. The results are presented in figure 3. Figure 3(a) illustrates the
cryogenically fractured surface of injection-molded plain PP, which appears
quite smooth as expected. The structure of the PP composite containing 40 wt%
of organic filler is shown in figure 3(b). The fractured surface morphology
reflects a polymeric matrix with particles adhering to the PP, revealing the
presence of walnut shells in the structure. The pure surface of the filler particle,
without traces of polymer, proves the poor bonding between the matrix and
filler. The structure changes significantly upon the addition of compatibilizer to
the composition, as illustrated in figure 3(c), which shows the scanning electron
micrograph of the PP/40NUT/MAPP sample. The filler particle, visible in the
middle part of the micrograph, differs significantly from that shown in
figure 3(b), as polymeric matrix residue may be observed on its surface. This is
probably because the presence of the compatibilizer improves interfacial
adhesion between the matrix and filler.

Fig. 3. SEM micrographs for PP (a), PP/40NUT (b), PP/40NUT/MAPP (c)

Non-isothermal crystallization was investigated by differential scanning
calorimetry to provide information on the crystallization process of PP- -based
composites. The crystallization and melting curves and selected numerical data,
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obtained from DSC measurements, are presented in figure 4-5 and table 2. The
pure PP sample melts at 161C and crystallizes at 117C, as determined by the
melting and crystallization peaks in figure 4. Upon the addition of the organic
filler, irrespective of the amount added to the polymeric matrix, negligible
changes were observed in the crystallization and melting temperatures of PP.
Addition of the binder to the system caused a slight increase in crystallization
temperature and did not affect the melting process, as shown in figure 5 and
table 2. Hence, the addition of natural particles did not cause significant changes
in the crystallization process of PP blends. However, upon the addition of
compatibilizer, a slight nucleating effect was observed.
a)

b)

Fig. 4. DSC crystallization (a) and melting (b) curves for reference series of PP-based composites
a)

b)

Fig. 5. DSC crystallization (a) and melting (b) curves for compatibilized series of
PP-based composites

The crystal fraction developed upon cooling at 10C/min, equal to
Xcr = 54 ±3% independently of composite composition, is reported in table 2.
The degree of crystallinity was calculated from the data obtained from the DSC
plots using equation (3):
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X cr =

Δ HM
⋅100[ ]
(1−ϕ ) Δ H 0

(3)

where HM is the experimental heat of fusion, H0 is the enthalpy of fusion of
the fully crystalline polymer, equal to 207.1 Jg -1 [Monasse and Haudin 1985],
and  is the weight fraction of the modifiers. The addition of walnut shells alone
or together with 3 wt% of compatibilizer does not influence the final crystalline
content of polypropylene under the chosen experimental conditions. It affects
only the crystallization efficiency of PP in case of the addition of MAPP, as the
onset and peak points are shifted to higher temperatures due to the enhanced
nucleation of PP spherulites.
Table 2. Crystallization and melting temperatures and degrees of crystallization for
all samples
Material

Tm
[C]

Tcr
[C]

H
[J/g]

Xcr
[%]

PP

161

117

110.2

53

PP/10NUT
PP/20NUT
PP/40NUT

160
162
159

117
117
117

100.2
84.0
72.2

54
51
58

PP/10NUT/MAPP
PP/20NUT/MAPP
PP/40NUT/MAPP

161
161
160

119
120
121

96.6
89.9
70.2

52
54
57

The influence of the organic filler and compatibilizer on the degradation
process of PP-based composites was investigated by thermogravimetric analysis.
The results are presented in figure 6 and table 3. Figure 6 shows TG and DTG
curves for the reference composites. Pure PP undergoes a single-step degradation
process with onset at 422C. As shown by the first derivative thermogravimetric
(DTG) curve, the fastest degradation occurs at 449C, with a decay rate of
27%/min. Upon the addition of organic filler, the degradation process
significantly changes in character, from single-step to two-step. According to the
literature [Bodîrlâu et al. 2007; Jeskea et al. 2012] the degradation of walnut
shells occurs in two steps: hemicellulose and cellulose degrade in the
temperature range 200-350C, while lignin breaks up between 250C and 500C.
Hence, the first step shown in figure 6(a), between 250C and 380C, occurs due
to the presence of cellulosics in the filler. Lignin degradation overlaps with
polypropylene decay, as is shown by the slight shift of the second degradation
step towards higher temperatures in comparison with pure PP. Figure 6(b) shows
the first derivative thermogravimetric (DTG) curves of PP-based composites,
which exhibit double peaks (TP1 and TP2) in the case of the composites
containing the highest quantities (20 and 40 wt%) of the organic filler. The two
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peaks reflect the two-step degradation process of cellulosics (hemicellulose and
 cellulose) and of lignin and PP, occurring at about 330C and 455C
respectively. In the case of the composite PP/10NUT, the first peak (TP1) is not
observed on the DTG curve due to the insufficient quantity of walnut shells in
the polymeric matrix.
a)

b)

Fig. 6. TG (a) and DTG (b) curves for reference series of PP-based composites

TG and first derivative thermogravimetric (DTG) data for the compatibilized
PP blends are given in table 3. The two-step decomposition proceeds by the loss
of cellulosics (hemicellulose and  cellulose) followed by lignin and
polypropylene [Jeskea et al. 2012; El-Sabbagh 2014]. This matches the
degradation process of the non-compatibilized series described above; hence it
was concluded that the addition of the coupling agent has a negligible effect on
the thermal stability of the composites.
Table 3. TG and DTG data obtained for PP/NUT and PP/NUT/MAPP blends with
various compositions
Material

TG
T0
[C]

TP1
[C; %/min]

DTG
TP2
[C; %/min]

PP
PP/10NUT
PP/20NUT
PP/40NUT

422
436
437
430

–
–
334; 1
332; 1

449; 27
455; 30
455; 27
457; 25

PP/10NUT/MAPP
PP/20NUT/MAPP
PP/40NUT/MAPP

441
435
442

–
335; 1
331; 2

455; 28
456; 25
455; 20

Moisture content is crucial from the point of view of applications and
processing in the case of composites containing natural fibers, where water
absorption on the product surface is most probable. A high water content may
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increase the mass of the product, reduce its strength, cause swelling, warping or
buckling, enhance microbial inhibition, and contribute to mechanical destruction
due to continuous changes in the physical state of the water [Hassan et al. 2013;
Salasinska et al. 2016].

Fig. 7. Moisture content in pure PP and its composites

Figure 7 presents moisture content in pure polypropylene and its composites.
The lowest value was recorded for the hydrophobic polypropylene matrix, as
expected. Composites containing an organic filler only or coupled with
compatibilizer have increased values of this parameter. The increased moisture
content in all studied composites results from the introduction of a highly
hydrophilic filler to the polymeric structure. Walnut shells are rich in cellulose,
hemicellulose, lignin and pectin, which in turn are built from hydroxyl groups.
The presence of these functionalities causes an increase in the hydrophilicity of
the filler [Shalwan and Yousif 2013]. Therefore, it is important to ensure
sufficient drying prior to formation of the final product. The use of adequate preprocess parameters results in a moisture content of 1%, which is satisfactory
from the point of view of applications.
Ash content in polypropylene and its composites was determined after
complete calcination. Results are presented in figure 8. No residue was recorded
for the reference sample, as expected [Barczewski et al. 2014]. Ash content in
PP-based composites varies between 0.5% and 2% depending on the
composition. The residue is formed due to the presence of the filler, which does
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not fully degrade even at 850C. The addition of binder to the formulation
caused a slight increase in ash content after calcination.

Fig. 8. Ash content after calcination in pure PP and its composites

In the design of new materials, consideration should be given to the issue of
waste management after the completed product lifecycle. Currently the
European Union recommends energy recycling. In this context, the proposed
composites exhibit favorable properties, as they do not lead to the production of
excessive amounts of residue upon burning.
To assess the effect of the addition of filler and binder on the mechanical
properties of the polymeric matrix, dynamic mechanical-thermal analyses were
performed. The results for samples with and without compatibilizer are
presented in figure 9. Two DMTA parameters – storage modulus (G’) and loss
factor (tanδ) – were analyzed as functions of temperature (T). Selected additional
data are summarized in table 4.
The incorporation of walnut shells into the polymeric matrix resulted in a
significant decrease in storage modulus in comparison with pure polypropylene.
The higher the content of the filler in the composite, the greater the decrease in
value. Only for the sample containing 10 wt% of organic filler was a slight
increase in the G’ value range observed. Hence, the introduction of walnut shell
particles into the polymer creates structural discontinuities (confirmed by the
SEM microphotographs in figure 1), which are not able to transfer stresses under
mechanical loads. The addition of MAPP to the system results in significant
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Fig. 9. Storage modulus and loss factor vs. temperature DMTA plots for reference
(a, b) and compatibilized (c, d) series of polypropylene-based composites
Table 4. Selected DMTA data obtained for PP and PP composites
Material

G’-40

G’0

G’40
[GPa]

G’80

Tg
[°C]

tanδ (at Tg)
[–]

PP

1.97

1.45

0.69

0.29

15.5

0.0741

PP/10NUT
PP/20NUT
PP/40NUT

2.17
1.59
1.01

1.59
1.1
0.64

0.8
0.59
0.43

0.35
0.28
0.25

12.6
5.58
-2.72

0.0682
0.0649
0.0552

PP/10NUT/MAPP
PP/20NUT/MAPP
PP/40NUT/MAPP

2.34
2.41
1.80

1.67
1.67
1.25

0.87
0.93
0.78

0.39
0.45
0.41

11.6
10.7
3.94

0.0684
0.0640
0.0521

changes in thermomechanical behavior in comparison with the samples without
binder. In the case of the compatibilized polypropylene samples, G’ values are
higher for the composites containing 10 and 20 wt% filler over the entire
analyzed temperature range. The PP/40NUT/MAPP sample exhibits similar
stiffness to PP at lower temperatures, but higher above 20°C, as seen in
figure 9(c). Hence, at room temperature, the PP/40NUT/MAPP sample has
similar thermodynamic behavior to the remaining composites with the coupling
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agent. In general, the PP/NUT/MAPP samples demonstrate significant
improvement upon the addition of compatibilizer, resulting in similar
thermomechanical behavior to that of pure polypropylene. As previously
described in the literature [Beckermann and Pickering 2008; Zahedi et al. 2013;
Dobrzyńska-Mizera et al. 2015] the addition of MAPP influences adhesion
between the matrix and filler through interaction with the organic –OH groups
available on the surface, which adhere to the matrix by linking molecular chains,
and enhances interfacial adhesion between the matrix and filler.
The loss factor (tanδ) determines the glass transition temperature (Tg)
measured at a maximum near polypropylene β-relaxation, i.e. between –20°C
and 20°C. It was found that an increasing amount of the filler caused a gradual
decrease in Tg, along with the corresponding tanδ value, for both the reference
and compatibilized series. This may be attributed to the previously described
poor adhesion between the polymer and filler [Liu et al. 2005]. However, it
cannot be also excluded that decrease of Tg and composite samples stiffness,
especially at lowered temperature range, is simultaneously connected to amount
of incorporated to polypropylene matrix lignin, which is part of the filler and
partial migration of crude oil residues from ground natural filler which may
cause plasticizing effect. Higher glass transition temperatures were observed for
the PP/NUT/MAPP series; this effect is attributed exclusively to enhanced
interfacial adhesion.
In principle, the addition of a particle-shaped natural filler to a polymer
matrix decreases the composite’s capacity for mechanical energy dissipation.
Therefore, less energy will be used to overcome frictional forces between
molecular chains [Eng et al. 2014].

Conclusions
This study has provided detailed knowledge of the properties of PP composites
filled with ground walnut shells. Introduction of the organic filler into the
polymeric matrix increases the thermal stability of the composites. Moreover,
higher moisture and ash contents were observed, depending on the composition.
As evidenced by DMTA analysis, the glass transition temperature shifts towards
lower values as the filler content increases. The presence of the filler does not
influence the crystallization kinetics or melting behavior of the studied samples,
irrespective of the amount added. Moreover, the incorporation of polypropylene-graft-maleic anhydride into the formulation enhances interfacial adhesion
between the polymeric matrix and the filler, as evidenced by scanning electron
microscope photographs. This in turn results in improved stiffness of the
samples.
The research has confirmed that polypropylene-based composites filled with
lignocellulosic modifiers may be used as an alternative to the traditional highly
filled resins, and may be designed according to users’ needs. Their main
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applications include the production of low-demanding elements for civil
engineering such as masking panels, fiberboards and plywood. Another
important advantage, in comparison with inorganic materials, is their low
density, which combined with sustainability is a reason for their more frequent
use also in the automotive industry, especially for the production of interior
elements such as parcel shelves, trunk covers and internal panels.
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