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Abstract: The efficacy of wood dust fibre treatment on the property of wood dust reinforced recycled 
polypropylene composite (r-WoPPC) filament was investigated. The wood dust fibre was treated 
using alkali, silane, and NaOH-silane. The treated wood fibre was incorporated with r-PP using a 
twin-screw extruder to produce filament. The silane treatment on wood dust fibre enhances interfacial 
bonding between wood fibre and recycled PP; hence, a filament has the highest wire pull strength, 
which is 35.2% higher compared to untreated and alkaline-treated wood dust filament. It is because 
silanol in silane forms a siloxane bond that acts as a coupling agent that improves interfacial bonding 
between wood dust fibre and recycled PP. The SEM micrograph of the fracture structure reveals 
that treated silane has strong interfacial bonding between wood dust fibre and recycled PP, having 
minimal void, gap, and good fibre adhesion. The water absorption test results indicate that filament 
with treated wood dust absorbs less water than filament with untreated wood because the treatment 
minimizes the gap between wood fibres and recycled PP. The FTIR analysis identified the presence 
of silane on the wood dust surface for silane-treated wood dust. The DSC studies suggest that the 
temperature range 167-170 °C be used in the extrusion machine to produce r-WoPPC filament. As a 
result, r-WoPPc filaments containing silane-treated wood dust have better mechanical properties and 
have a greater potential for usage in FDM applications.

Keywords: wood dust fibre; fibre treatment; polymer composites; mechanical properties; thermal 
properties; cellulose; FDM
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1. Introduction

M aterials research and developm ent, notably in the com posite industry, is being
pushed forward by a growing demand for high-tech material products [1]. Due to advances
in  fabric science, it is now  possible to use natural fibres in stylish applications because of
their prom inence in  the field. M aterials that are both m ore cost-effective and ecologically
friendly  are now  being developed because of recent expansions in research into current, 
higher perform ing front-property industrial m aterial sources (FPIM) [2]. Concerns regard
ing the overexploitation of non-traditional sources of natural fibres are on the rise as people
becom e m ore environm entally conscious and turn to recycled and sustainable m aterials.
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Local governm ents are struggling to m anage a rising am ount of solid w aste, not only 
because of the volum e, but also because of the variety of waste sources derived from natural 
or synthetic resources that need a com bination of treatm ent procedures. Synthetic polymers 
and plastics are extensively  em ployed ow ing to their cheap cost, outstanding physical, 
chem ical, and m echanical properties, and processing flexibility. Betw een 1950 and 2015, 
around 8300 metric tonnes of synthetic polym ers were produced worldwide. Natural trash 
w as easily disposed of due to its quantity, accessibility, and cheap cost [3,4 ].

M eanw hile, because it has a substantial influence on environm ental biodiversity, the 
utilisation of bio-based waste, such as natural fibre waste, has been a vital com ponent of fur
thering sustainable developm ent projects. U tilizing plentiful bio-resources has facilitated 
the developm ent of a range of m aterials for several applications, the m ost significant of 
w hich is the fabrication of ecologically acceptable bio-com posite m aterials [5- 9 ]. Addition
ally, plastic waste from businesses and households was extensively used in the manufacture 
of bio-com posite m aterials, w hich was one of the prim ary efforts to embrace the 3R concept 
(reduce, reuse, and recycle) and prom ote sustainable developm ent, but, sim ilar to PP, they 
have low  strength and m odulus, hence they cannot take higher loads during applications. 
Reinforcem ent of polym er w ith fibre can im prove the strength of the com posites [10- 12].

N atural fibres are generated from  a range of plant, anim al, and m ineral sources [13]. 
There is an abundance of fibrous plants in both agricultural and tropical areas [14- 16]. 
M ost plant fibres are com posed of cellulose, w hereas m ost anim al fibres are com posed of 
protein [17- 20] . The prim ary and secondary sources of plant fibres are distinguished [21] . 
A lthough secondary sources are fibres produced as by-products of other secondary prod
ucts obtained from  m anufacturing processes, prim ary sources are fibres produced as 
by-products of other prim ary items (e.g., food, feedstock, and fuel) intended for industrial 
use [22- 25]. Table 1 show s m echanical and physical properties of natural fibres.

Table 1. List of mechanical and physical properties of natural fibres [26- 28].

Fibre Tensile Strength 
(MPa)

Young's Modulus 
(GPa)

Elongation at Break 
(%) Density (g/cm3)

Hard Wood 84.9 - 51.75 1.5
Soft Wood - 11.2 38.5 1.22

Sugar Palm 15.5-290 0.5-3.37 5.7-28.0 1.29
Kenaf 930 53 1.6 1.45

Banana 529-914 27-32 5.9 1.35
Pineapple 413-1627 60-82 14.5 1.44

Coir (coconut husk) 220 6 1.5-2.5 1.25
Bamboo 290 17 - 1.25
Bagasse 350 22 5.8 0.89

Flax Sunflowers 800-1500 60-80 1.2-1.6 1.4

W ood dust, w hich  is m ostly  com posed of cellulose, hem icellulose, and lignin, is 
inexpensive and sim ple to m ake. D ue to the strength and flexibility  of w ood fibres and 
the stiffness of lignin, w ood pow der is an excellent filler for m atrix. A dditionally, w ood 
pow der can be used to cure scrap w ood, such as w aste furniture. In the sam e m anner, 
secondary timber m ay be utilised w ithout generating environmental problems. Wood dust 
is basically  the residue of sm all particles found in  the furniture industry, pulp and paper 
industry, can cause pile shapes, and m ostly  burns, resulting in environm ental pollution. 
Polypropylene (PP ) is a com m on recyclable engineering therm oplastic [29,30]. Textile 
and other sectors use m atrix com posite m aterials m anufactured from  recycled PP fibres. 
Polypropylene has a low  m odulus. W ood pow der m ay be in jected into polypropylene 
to reinforce it. Polypropylene can bind w ood powder. U nlike other com posite m aterials, 
PP-based w ood pow der com posites m ay be recycled after use.

Plastic w aste from  petroleum -based polym ers, such as polypropylene, polyethylene 
terephthalate, high-density polyethylene (H DPE), and polyethylene (PE), are becom ing a
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critical issue because they cannot be degraded [31] . PP and PET are not environm entally 
friendly bu t are eco-friendly substances that allow  them  to be recycled after use, turning 
waste plastics such as PP and PET into valuable resources that are recycled for a variety of 
uses, including the sustainable m anufacturing of sustainable polym er m atrix com posite 
m aterials [32].

For exam ple, alkaline treatm ent fibres are often treated w ith  N aO H  because it is 
sim ple, affordable, and effective in  enhancing filler-m atrix adhesion [33]. N aO H  affects 
the surface of the fibre by  m echanically  rem oving it, increasing surface roughness and, 
hence, m atrix coverage. In addition, chem ical treatm ent, nam ely silane treatm ent as a 
coupling agent to increase the w ettability of natural fibres by polym er m atrix and promote 
interfacial bonding, is another treatm ent [3 ,34] . To assess the characteristics of w ood dust 
fibre com posites, a therm al test is necessary. Table 2  show s a list of findings based on 
perform ance treatm ent used w ith different fibre com posites.

Table 2. List of performance treatment utilized with different fibre composite.

Natural Fibre Polymer Matrix Findings Ref.

Alkaline treatment was chosen and obtains
Wood fibre Epoxy resin better tensile strength and has a better 

thermal stability test on composites 
Silane treatment with 2 wt% was used and

[35]

Kenaf fibre PLA has tensile strength, and the modulus 
moves higher compared to untreated fibre 

composite filament 
Employing NaOH-silane treatment results

[36]

Sugar palm fibre PLA in increased melt flow index and excellent 
bio composite filament

[37]

Roselle fibre Vinyl ester Increased fibre composite tensile strength 
might well be obtained by silane treatment 
Silane treatment was used and resulted in a

[38]

Wood fibre PLA bio-composite filament with better tensile 
strength compared to untreated version 

The 5 wt% silane treatment was used, and

[39]

Wood fibre PP the flexural result was greater than the 
NaOH treatment composite

[40]

M aterials such as wood dust fibre polym er matrix recycled polypropylene (PP) will be 
examined along w ith their thermal properties such as TGA and DSC. A thermogravimetric 
analysis (TGA) analyser w as used to evaluate the therm al stability of w ood dust fibres in 
correlation to w eight loss as a result of if the tem perature w as increased. T G A  w as per
formed using TA instrum ent's equipm ent w ith filam ent sam ples in standard ASTM  D3850.

The purpose of this study is to identify  the effect of d ifferent treatm ents on w ood 
d ust fibre. This study tested three d ifferent w ood dust treatm ents: N aO H , silane, and 
N aO H -silane. Processed treated w ood dust w as subjected to FTIR analysis. The filaments 
w ere produced using a tw in-screw  extruder and subjected to w ater absorption, tensile, 
m orphological analysis, TGA, and DSC tests. It stem s from a basic understanding of how 
the three treatm ents affect the properties of r-W oPPC filaments.

2. Materials and Methods
2.1. M aterials

The m atrix and reinforcing m aterials engaged in the present research w ork are ther
m oplastic and w ood-based dust fillers, respectively. The raw w ood particles are obtained 
from  a local furniture factory in A lor G ajah, M elaka, and are m ade up of pine grove and 
tongue w ood. The w ood w aste is ground into a pow der u sing a portable grinder at the 
FTKM P com posite lab at the University Teknikal M alaysia M elaka, and then filtered using 
an industrial server, as show n in Figure 1b .
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(e) (i)

Figure 1. (a) Raw wood dust from workshop, (b) grinder machine for grinding into dust, (c) industrial 
sieve for obtaining a result oi 125 mm, (d ) recycled PP, (e) 125 mm w ood dust inside sieve , (f) untreated 
wood dust inside oven.

The sieve m esh  sizes that w ere used ranged brom 300 mm to 200 mm and, finally, 
125 mm [39]. The finished product is a 125 mm m esh m ade of w ood powder [35], as shown 
in  Figure 1e. The particle size analyser equipm ent w as utilised in  the dry m easurem ent 
mode, and a random 150 g sample of wood dust was obtained to evaluate the size content of 
the w ord  dust used, and Figure 2 tabulates the data resulting from the particle? size analyser. 
This size 'was chosen w isely  related to the review  Tccording to N asereddin et al. [41] and 
Deis et al. [42 ]. C leaning 'wood filler in  a m ixture of dirt partic(es, grease, and tiny  m etal 
fragm ents is a oarticularly difficult process. The sieved particles are w ashed several times, 
in distilled w ater to rem ove dust and other polluiants before being dried in a hot air oven 
at 60 °C  for 24 h on a portion of an unrreated w ood dust sam ple. A  plastic: factory in 
Ayer K eroh, M elaka, provided rrcycled  PP granules m rasu ring  2 m m  in diam eter. The 
transpareht m ilky w hite recycled PP uted  in this study is soen in Figure 1d .

Regarding the bar chart from Figure 2 , particle size analysis is recorded b y th e machine, 
M alvern M astersizer 3000 Aero S dry powder disperser. The sample dispersion is achieved 
by accelerating the dry pow der particles through a venturi using com pressed air and 
used on using m esh size of <125 mm w ith  h igh volum e distribution instead of a different 
m esh size, stating that w ith a m esh size of 125-200 mm, there is not m ore than 1% volum e 
distribution. The total am ount tested from a 200 g sieve of w ood dust w ith a m esh size of 
100-125 mm results in  90%  detection during the analysis, The rest of the analysis at m esh 
size 75-100 mm is 50% , 50-75  mm is 10%, 25-50  mm is 5% , and a m esh size less than <25 is 
only 3% that can be detected.
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Figure 2. Diagram of wood dust particle size.

2.2. M ethods
2.2.1. A lkaline Treatm ent of Wood D ust Fibre

W ood dust fibre treatm ent for alkaline treatm ent uses a sodium  hydroxide solution. 
The reason for selecting the alkaline treatm ent process is the direct influence of the hydroxyl 
group) on cellulosic fibrils, the extraction of lignin and hem icellulose com pounds, and ease 
of processing [39]. The w ood dust w as soaked in NaOH solution w ith 60% concentration at 
room temperature for 2 h [41,42]. After that, the w ood was w ashed several times thoroughly 
w ith running distilled  w ater ared dried in  an  oven ot a tem perature of 60 °C  for 24 h  [35]. 
"The alkaline treatm ent is displayed in Figure 4b. The chemical reaction for NaOH displayed 
in Figure 5a.

2.2.2. Silane Treatment of Wood IDust Fibre

A m ong these several m ethods, silane coupling agents have been com m only applied 
as efficient coupling agents in a variety  of industrial sectors due to their sim plicity  of 
application, durability, and diversity, as w ell as low  cost, in  order to enhance the fibre- 
m atrix adhesion strength [43]. The 2%  silane solution w as prepared by  dissolving A PS 
(3-A m inopropyltriethoxysilane) in a m ethanol solution (70%  m ethanol and 30%  distilled 
water). The m ethanol sslotion  pH w as adjusted to 3.5 using citric acid. The silane solution 
w as agitated for 30 m in [44] . Then, the w ood d ust fibre w as soaked in silane solution for 
3 h  and dried in an  oven at 60 °C  for 72 h. The silane treatm enr is displayed in  Figure 4c. 
F igure 3 show s a representation of the chem ical structure for the silane functional group 
A m ino-silane (C 9H 23N O 3Si) [45,46]. The chem ical reaction of the treated silane (Si) is 
displayod in Figure 5b.

2.2.3. N aO H -Silane Treatment of Wood D usl Fiboe

A nother treatm ent m ethod is to com bine alkaline and silane treatm ents. The prepa
ration of this sam ple begins w ith  art alkaline treatm ent using) N aO H . O nce the sam ple of 
N aOH has dried completely, a silane freatm ent is applied by soaking it in a silane solution 
fog 3 In and drying for 2! dayst referring to the procedure conducted by Asim et al. (2016) [3 ], 
and renamed NaOH-silane treotm ent Figure 40  shgws the INaOH-silane treatm ent sample. 
The chemical reacfion of the treated silane fibres is displayed in F i.u re  5c, w hich begins with 
Na + OH Oor tine NaOH reoction and connecaed wtth the silane (Si) treatm ent reaction, then 
compleOed w ith the NaOH-silane reaction, following the structure by Raharjo et al. [44,47].
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Aminopropyltriethoxy functional i 

Figure 3. Chemical structure of Amino-silane (CgĤ ^N̂ Ô iiii).
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Figure 4. (a) Untreated wood wash, (b) NaOH treatment, (c) NaOH-silane treatment, and (d) Silane treatmene
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2.3. F ilam ent Preparation
2.3.1. Com posite M ixture

The filam ent recycled PP and w ood d ust fibres w ere m ade utilizing the rule o f the 
com -bination form ula show n in Table 3 . The w eight of elem ents has been  assessed to 
determ ine the com position of com posites using Equation (1),

W eight o f  com pon en t (g) =  W eight % o f  f i b r e  lo ad in g (g ) x  W eight o f  com p os ites(g )  (1)

Table 3. List of composite mixture containing 4 types of treatment.

Filament Composite Weight of Fibre (g) 
3.0%

Weight of Matrix (g) 
97.0%

Weight of 
Composites (g)

Recycled PP (r-PP) - - 800
Untreated (3/UT) 24 776 800

NaOH (3/NO) 24 776 800
Silane (3/SI) 24 776 800

NaOH-silane (3/NS) 24 776 800

As this composite, w hich is made of wood and recycled polypropylene (PP), has abso
lute and com plete bonding, it is given the nam e wood dust reinforced recycled polypropy
lene (r-WoPPC) com posite FDM  filament.

2.3.2. r-WoPPC Filam ent Extrusion

The extruder used was the Lab Tech Twin Screw Extruder 26 mm (Swedish), as shown 
in  Figure 6, located at the Fibre and Bio com posite D evelopm ent Centre (FID EC)— M TIB 
M alaysia, to produce r-W oPPC filam ent w ith  d ifferent param eters, as show n in Table 3 . 
F ixed param eters w ere a com posite com pound feeding screw  of 42 rpm  and a constant 
target filament diameter of 1.5-1.79 mm. Table 4 shows barrel temperature as a reference to 
extrude FDM  filament.

Figure 6. Lab Tech Twin Screw Extruder. 

Table 4. Extrusion parameter.

Plastic Type Barrel Temperature (°C)

Recycled PP 160-200
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2.3.3. D ensity Calculation

The test m ethod for determ ining the filam ent's density w as conducted in accordance 
w ith  A STM  D 792-91. F ilam ent w ith  a d iam eter of 1.75 m m  ±  0.55 m m  and a length of 
90 m m  w ere cut, and their densities w ere estim ated using Equation (2):

D en sity  (p ) =  M "ss ° S  f l l a m e n ‘ C° m '0 s“ e  ( g  3 (2)
V olum e o f  f i la m e n t  com posites  m 3

2.4. Testing
2.4.1. Water A bsorption Test of the r-WoPPC Filam ents

The water absorbtion characteristics of com posites were measured in accordance w ith 
the 2018 ASTM D570-98 standard. For each set of fibres, five com posite sam ples measuring 
25.4 m m  x 1.75 ±  0.55 m m  w ere created. Specim ens w ere dried in an oven at 110 °C  
for 24 h  before being cooled to room  tem perature for 24 h. A fter m easuring their w eight, 
they w ere subm erged for 14 days at room tem perature in distilled water. The w et surface 
w as w iped dry, and the specim ens w ere rew eighed. The w ater uptake of com posites w as 
com puted using Equation (3):

W  -  W0
W ater A bsorp tion  (% ) =  — w ----- x  100% (3)

w here W0 (g ) is the w eight of com posites after drying and, W1 (g ) is the w eight after 
w ater im m ersion.

2.4.2. W ire Pull Test

A  w ire pull test in accordance w ith  ISO  3341 w as carried ou t to determ ine the m e
chanical strength of the filam ent. Ferreira et al. [48] previously conducted this test for 
polyethylene terephthalate glycol/carbon fibre filament composites. Figure 7 shows the test 
setup on an A I-7000-LA U  GoTech Servo C ontrol System  U niversal Testing M achine w ith 
a 10 kN  load cell at 200 m m /m in speed. The test w as repeated 5 tim es for each filam ent. 
The test setup m ust be properly prepared since r-WoPPC is m ore brittle than r-PP because 
it is m ixed w ith  w ood fibre, thus the w inding of the filam ent around the bollard m ust be 
perform ed carefully to avoid fractures during the test [49].

Figure 7. Wire pull test.
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2.4.3. M orphological O bservations

Scanning electron m icroscope (SEM) m orphological analyses w ere carried out on the 
fractured surface of the wire pull-out test sam ple for this study. These 4 types of treatm ent 
w ere exam ined w ith the sam e fibre loading of 3.0% point. The total five sam ples collected 
from  the w ire pu ll-ou t specim en w ere also tested . To im prove resolution, platinum  w as 
applied to the sam ples, w hich  has a h igh electrical conductivity. The m icrograph w as 
attained ow ing to the use of Zeiss Evo 18 Research, (Jena, G erm any) w ith  an acceleration 
voltage of 10 kV.

The m easurem ent of the d iam eter for filam ent w as by  using a portable m icroscope 
up to 1600 m agnification, w hich has m any functions, including a m easurem ent size from 
0.001 m m  to 50.00 m m . This m ethod w as used for 5 sam ple filam ents, w hich  are r-PP, 
untreated, and treated w ood.

2.4.4. The Fourier Transform Infrared Spectrom etry (FTIR)

Fourier transform  infrared spectrom etry (FTIR ) w as perform ed on four sam ples of 
w ood dust using a Therm o Fisher Scientific-The N icolet iS10 FTIR  Spectrom eter to deter
m ine the functional group for each treatm ent: untreated, treated N aO H , treated silane, 
and treated N aO H -silane. All spectra w ere taken in 4000 cm -1  to 400 cm -1  range. The 
resolution is m easured at a value of 0.5 cm -1  w ith 50 scans.

2.4.5. Therm ogravim etric Analysis

A therm ogravim etric analysis (TGA) analyser w as used to evaluate the thermal stabil
ity of w ood d ust fibres in  correlation to w eight loss as a result of if the tem perature w as 
increased. TG A  w as perform ed utilizing sam ples of filam ent granules in accordance w ith 
ASTM  D 3850, using a w eight of 20 mg. Tem perature rate of 30 to 800 °C using a flow rate 
of gas is 20  °C /m in. TG A  w as obtained using M ettler-Toledo brand Therm ogravim etric 
Analyzer TGA 2— Therm ogravim etric Analyzer with sm all furnace (SF) specification; tem 
peratures ranged up to 1100 °C  and crucible volu m e up to 100 ^L. Usually, a dynam ic 
nitrogen atm osphere is present during operation and a 10 °C /m in heating rate.

2.4.6. Differential Scanning C alorim etry

A  differential scanning calorim etry (DSC) investigation at inert atm osphere w as per
form ed to find m ore about the heat transfer in the sam ple. Crystal transition tem perature, 
glass transition tem perature, m elting point, solvent evaporation, and residual reactivity all 
seem  to be exam ples of transitions. DSC w as performed using instrum ent equipm ent with 
filam ent granule sam ples in standard A STM  D 3418. D SC analysis w as perform ed w ith  a 
heating rate of 20  °C /m in, from  30 °C  to 800 °C. D ifferential scanning calorim etry (DSC) 
w as obtained using M ettler-Toledo brand DSC Q20 V24.11 Build 124 at FTKM P UTeM.

3. Results and Discussion
3.1. Physical Properties o f  r-W oPPC Filam ents 
F ilam ent Size and Colour

The fabrication of r-WoPPC filam ent w as achieved using LabTech's tw in screw extru
sion. Figure 8 shows filament developm ent using the twin screw extruder. Figure 9 displays 
each filam ent that w as recycled: PP, 3/UT, 3/N O , 3/SI, and 3/N S r-W oPPC filam ent that 
w as successfully extruded. A ll the filam ents w ere extruded a t nozzle tem peratures rang
ing from  160 ° C to 200 °C  w ith  filam ent pulley speeds ranging from  10 rpm  to 12 rpm . 
The nozzle tem perature and  pulley speed w ere adjusted to obtain  a filam ent d iam eter of
1.75 m m , as show n on the label dim ensions in Figure 10. A ccording to the observations,
1.75 m m  filam ent could be produced at nozzle extrusion tem peratures ranging from 180 to 
190 ° C, as shown in Table 5 , and pulley speed ranging from 7.1 rpm to 10 rpm, as tabulated 
in Table 6.
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Twin screw extruder r-WoPPc filament

Figure 8!. Process fabrication of r-WoPPc filament.

a) b) c) d) e)

Figure 9. Filamen- r-WoPPC (a) r-PP, (lb) 3/UT, (c) 3/NO, (d) 3/SI, and (e) 3/NS.

D:1.75mm

Figure 10. Filament diameter, 1.75 mm. 

Table 5. Nozzle extrusion temperature.

Nozzle Extrusion Temperature (°C) Filament Size (mm)

160 2.20-2.60 mm
170 1.80-2.00 mm
180 1.70-1.75 mm
190 1.65-1.715 mm
200 1.55-1.615 mm
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Table 6. Pulley speed.

Filament Type Pulley Speed (rpm) Filament Extrusion Time (s/m)

r-PP 10 6 s/m
3/UT 8.8 13 s/m
3/NO 8.4 15 s/m
3/SI 7.9 18 s/m
3/NS 7.1 23 s/m

Based on the filam ent extrusion tim ing, as show n in  Table 6 , the fastest filam ent 
extrusion is r-PP filament, w hich is 6 s/m in w ith a pulley speed of 10 rpm. This is because 
r-PP is purely matrix w ithout any filler, w hich could cause friction and delay the extraction 
time. The extrusion time increased to 13 s/m  w hen w ood dust fibre w as incorporated into 
the recycled PP. Since the treatm ent had an effect on the extrusion time, the 3/UT filament 
had a faster extrusion tim e than the other treated filam ents, as reported by  Siddique 
et al. [50] . Figure 11 show s a m icroscopic im age of r-PP and r-W oPPC filam ents. The 
filam ent exhibits a distinct colour for each r-WoPPc filament, w hich is dark brown for13/UT, 
light orange for 3/N O, light b lack for 3/SI, and light brow n for 3/NS.

Figure 11. Microscopic image of filament (a) r-PP, (b) 3/UT, (c) 3/NO (d) 3/SI, and (e) 3/NS.

Silane-created layers on the fibre surface encouraged an increase in fibre density; thus, 
w e can see filam ent densities in  Table 7, show ing that densities of 3/SI and 3/N S have 
the highest density  values of 0.99 g/cm 3 and 1.01 g/cm 3, respectively. Silane layer that 
developed on the w ood surface enhanced adhesion w ith  recycled PP, hence giving better 
filament strength [36]. Furthermore, the r-PP filament thaS is 0.8J5 g/cm 3, which is as a nea) 
filam ent, does not contain any m ixture w ith  fibre, m aking it am ong tint;' low est com pared 
to others w here it also shows a close resem blance to the com m ercial value of PP [51] . The 
filam ent w ith the lowest density is 3/UT w ith 0.82 g/cm 3. This m ight lie due; to untreated 
fibre that contains cellulose, hem icellulose, pectin, and lignin. These fibre com positions 
result in  the low est density am ong other treated filam ent com posites [39]. The density of 
th r  filam ent is low er due to the presence of voids and voids in ihe sam ple. A ir trapping 
du ring extrusi on and moisture absorption during storage are the m ain cause s of formation. 
The presence of voids an1 gaps resulted in weak interficial adhesion betw een the fibre in d  
the m atrix, resulting in poor strength i49,52i .

Table 7. Density of filament.

Sample Code Density of Filament (g/cm3) Water Absorption Test (%)

r-PP 0.85 9
3/UT 0.82 18
3/NO 0.86 10
3/SI 0.99 8

3/NS 1.01 7
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3.2. W ater A bsorption Test

The percentage of w ater absorption test w as calculated by  w eighing the w et and dry 
specim ens and com paring the differences, as in  Equation (3) [53]. Based on Figure 12, 
the w ater absorption of r-PP filam ent w as lower, w hich  is only 9% , because r-PP is pure 
polypropylene, w hich  has hydrophobic properties that resist w ater; therefore, it absorbs 
minimal w ater and has a low moisture content [54]. In contrast, filament made of untreated 
wood fibre (3/UT) has the highest percentage of w ater absorption of 18%, because wood is 
a lignocellulose m aterial that can absorb m ore m oisture than pure polypropylene because 
it contains polar group-hydroxyl. As a result, com posites containing wood powder absorb 
water better than those made of pure polypropylene [54,55]. Additionally, untreated wood 
fibres have natural oils, w ax, pectin, and lignin content that prevent the w ood fibre from  
adhering to the PP m atrix effectively, resulting in m ore voids that cause the filam ent to 
absorb m ore w ater [53].

r-PP 3/UT 3/NO 3/SI 3/NS

Figure 12. Graph of water absorption test—density of filament.

Meanwhile;, silane treatm ent on the wood fibre resulted better adhesion between wood 
fibre and recycled PP. The adhesion was enhanced due to the presence of water in the silane 
solution that m akes the am inopropyltriethoxy in silane produce silanol. M ultiple silanol 
react w ith  each other lo  form  ve ry slable siloxane b onds that, at the sam e tim e, can react 
w ith hydroxyl groups of w ood fibre to lorm  a  ve ry strong Si-O  b ond on the s urface of the 
w ood substtate. Siloxane bonds act as coupling agents that im prove interfacial bonding 
between wood dust fibre and recycled PP [36]. Aside from silanol, the reaction oe amino, as 
named amine, interacts instantly w ith lire polym er's carboxyl groups, preducing secondary 
a m id t bend s. D uring processing;, secondary am ide groups react w ith  the continuously 
form ing carboxyl groups, resulting in  im ide groups [56]. As a result, for better adhesion 
betw een w ood and recycled PP, the eom pesite filam ent containing w ood dust w ith silane 
treatm ent h at less voids, hence resulting in the lower w ater absorption percentage, foliowed 
by 3/NO at 10%, r-PP gut 9%, and 3/INS at 7%.

H ow ever, since alkaline treatm ent increases the availability  O H  groups in cellulose 
and hem icellulose, the resulting; hydrophilic wood fibres are more able to absorb w iter via 
hydrogen bonding between w eier mole culee and the OH-groups on the surhac e of the wood 
fibre [57,58]. H ow ever, it is still low er than untreated eincc untreated doer not undergo 
any treatm ent thal changes or im proves the bond b itw een  the fibre and the m atrix, whsch 
m ight result in void s in rhe c om posite [53].

3.3. M echanical Properties o f  r-W oPPC Filam ent

The ability of the matrix and fiber to adhere well to one other has a significant im pact 
on the interfacial bonding th tt determines the com posite '! m echanital perform ance, w hich
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results in  higher strength. H ighest strength can be achieved by a good stress distribution 
betw een the m atrix and fibre bonding [59]. The results of a w ire pull test for r-PP and 
r-W oPPC filam ents treated w ith  N aO H , treated silane, N aO H -silane, and untreated are 
show n in  Figure 1 3 . This experim ent should reveal w hether the interfacial bonding of 
the filam ent is either strong or w eak. The highest strength is achieved by  good interfac ial 
bonding, w hereas the low est strength is caused by  poor interfacial bonding.

40

35

Recycle PP Untreated Treated Treated Treated
Silane NaOH NaOH-Silane

Figure 13. Wire pull test.

The results suggest that silane-treated filam ents are stronger com pared to all other 
filam ents. The strength of the silane-treated filam ent im proved by  35.2%  com pared to the 
untreated filam ent, confirm ing that the interfacial adhesion betw een the recycled PP and 
the w ood fibre has im proved. Furtherm ore, treated silane is com pared to r-PP, the result 
is 4.25%  higher, m aking treated silane stronger than recycled PP as a neat filam ent. The 
strength of treated N aO H  and N aO H -silane filam ent is low er than that of silane-treated 
filam ent, w hich is decreased by 17.61%  and 11.81% , respectively. This is a sim ilar result 
as untreated filam ents are low er than treated filam ents, w hich is in line w ith  findings by 
H uang et al. [60]. M oreover, H uang et al. [60] used w ood dust fibre reinforced PLA  to 
obtain a low -quality com posite, since the w ood w as not treated and still presented lignin, 
cellulose, hem icellulose, and pectin.

The results show ed that treated silane filam ent strength is greater than r-PP filam ent 
strength. These results indicate that the silane treatm ent is effective on the w ood fibre 
creating a better bond w ith  the recycled PP. Figure 14 show s the preparation of a silane 
solution in the presence of w ater and m ethanol, w here the active substance silanol is 
form ed from  am inopropyltriethoxy in silane. Several silanol react w ith  each other to 
form  very stable siloxane bonds, w hich at the sam e tim e, can react w ith  the hydroxyl 
groups of w ood fibre to form  very strong bonds on the surface of the w ood substrate . 
These uilanol structures underw ent a condensation process and naturally deposited on tire 
wood surface [31,36]. This proceas m akes s ilane a co upiing tg en i that im proves interfacial 
b sn d in g  beSween w ood and recycled PP, as show n in Figure 15 . The chem ical bonding 
betw een the r-PP a nd the silans amino groups incorporated in the fib re suifac e improved the 
strength value [47,61]. In addition, the silane treatm ent effectively rem oves contam inants 
such as dust, dirt, and oil on  the fibre surface, resulting in stronger interfacial adhesion 
betw een r-PP and w ood fibers [26], as evidenced by  the use of silanes or N aO H -silane 
mixtures. It has bren shown in studies to develop sgme of the strongest filaments compared 
to r-WoPPc.
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r-WoPI’C lilamcni 

Figure 14. The flow of silane treatment reaction on wood fibre.

14 of 23

Figure 15. (a) 3/SI, (b) 3/NS, (c) 3/NO, and (d).
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The strength of treated N aO H  filam ent is low er by  14.11%  (22.03 M Pa) than r-PP at 
25.67 M Pa, w hich is similar to fidnings by Ferede et al. [62] w hen they studied the properties 
of w ood dust/PP com posite. They stated thaf this decreasing strength of N aO H  treated 
fiber com posite is p ossibly due to aggregation of the w ood dust or lns upficient hydrogen 
bonding betw een the r-PP anU the w ood fibre. The w eaker interfacial adhesion betw een 
w ood and r-PP is also because alkaline treatm ent rem oves the am orphous m aterials in 
the w ood fiber, such as hem icellulose and lignin , w hich som etim es causes w ood surface 
dam age [44,47]. This finding is sim ilar to R en et al. [53] that developed a com posite 
using kenaf treated w ith  N aO H  reinforced into epoxy. Ren Z. e t al. (2019) stated that 
NaO H  treatm ent dam aged the cellulose structure in the fibres and degraded the cellulose 
m acrom olecular chains and m icrocrystalline structures. Because cellulose in kenaf fibre is 
the load-bearing com ponent, its degradation affects kenas fibte strength.

3.4. M orphological Analysis

The fracture surface of the filam ent w ire pull test w as exam ined using SEM . The 
purpose of this obpervation w as So investigate the adhesion bonding betw een w ood dust 
fibre and recycled, in alt the composites filaments. Fioure 15 shows th f SEM micrographs of 
the r-WoPPc filam ent for 3/01,3/N S, 3PN O , and 3/UT w ith 5 0 x  m agnification.

A m ong all of the Oour different filam ents, w ood fibre reinforced r-PP w ith  oilane 
treatm ent has the highest w ire pulS fust strength. This highest strengfh cars bet relateP witP 
m inim al void  aosd gap that can be feen  in the tracture sprface m ic rograpp of 3%  of w ood 
fibre in Figure 15a . C om posite w ith  the least defecfe is able to w ithstand a higher load, 
thus possessing; greater strength. The w ood dust w ith other tream ents such N aO H -silane, 
N aO H , and unOreated, as show n in  the m icrograph Figure aab- d , respectively, hos m ore 
voids and gaps. M any voids and gaps contributed to w eak adhesion betw een w ood fibe 
and recyled PP, w hich caused a substantial decrease in the w ire pull teot strength of the 
com posite [40].

Figure 16 shows two filament states, treeted silane and untreated filamonts. Ascording 
to the observations, treoted silone filament shown in Figure l ta  has wood fibres rem aining 
on recycled PP after the w ite pull test, resutting in fibre breakage, as well as fhe wood fibres 
still attached to r-PP, indtcating that the fibres treated w ith  silane enhanced the adhesion 
betw een fibre and matrix.

Figure 16. (a) Treated silane filamsnt, (It) untreated filament.

Figure 16b illustrates a significant difference where the untrepted filamenf has a hollow 
space, w hich  would be due to the fibre having detached or not perfectly  adhered to the 
recycled PP. Furtherm ore, it show s the effect of fibre pull-ouo test, to whoch the fibre is 
extracted during the pull test so that the untreated com posite has the low est strength. 
A ccording to A ida et al. [36], untreated PP filam ent is brittle because ti does n ot undergo 
treatm ent; it leaves m any a hole on the filament'p surface, w hen com pared to treated and 
recycled PP filament as a neat filamend As a result, the com parison of treated and untreated 
filam ent indicates the w eakness of unPreated filam ent, w hich  could not w ithstand load
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and w as pulled aw ay from  the m atrix 's grip. This is due to untreated effects that do not
perform  the diffusion of treatm ent that can be deployed as a reinforcing; agent on polym er 
filam ent-reinforced fibfe [44].

3.5. Fourier Infrared Spectrom etry (FTIR)

The FTIR spectra of untreated and treated wood dust fibre rre shown in Figure 17 and 
Table e. The FTIR spectrum showed the presence of cellulose, hem icellulose, and lignin [63]. 
The group of C -O  stretching from  lignin, for exam ple in  Figure 13, show s a tag [it w ave 
3/N S that w as clearly recognised at peaks of 1000-1300 cm - 1  [40].

--------3/UT -------- 3/NO ---------3/SI -------- 3/NS

500 1000 1500 2000 2500 3000 3500

Wave Number (cm l)

Figure 17. Fourier Infrared Spectrometry (FTIR).

Table 8. List FTIR spectra.

3/UT 3/NO 3/SI 3/NS

Cellulose C5H8O4 3330 3334 3336 3331
Aboo rption of H2O C=O 1592 1591 1592 1593

Hydroxyl Gnoup -OH Si-C 3400-3200 3000-3200 3400-3200 3400-3200Stretching Bond
-Si-O-Si- Asymmetric 1030 1027 1029 1028Stretching

Hemicellulose CH 2914 2911 2901 2501
Silane (silanol group) -Si-OH - - 897 895

Based on the results in Table 8 , the 3/U T had a peak of 1030 cm - 1  for lignin and 
a peak; of 1027 cm - 1  for 3/N O ; fhe peak for 3/SI and 3/N S fibre w as 1 0 2 f-1 0 2 9  cm - 1 , 
respectively. In Table 8  results, the peaks recorded Oor penform ing sil ane treatm ent appear 
at 897 and 85)5 cm - 1 . D uring silane hydtolyeisi N aO H -silane w as linked to fhe lorm ttion  
of silanol groups [44,64]. The peaks recorded that appeared at 1592 cm -- 1  are believed to 
have emerge d from the vibrati on oO the N H 2 a  roup)- in the orgono sila ne agent. It indicated 
that treatm ent of siOane en h ance. tne w ood fibre surface so as to react as a  coupling agent 
w here interfacial bonding betw een w ood and recyclnd PP is im proved; sim ilar results 
w ere obtained w ith  -isal fibers using am inoethyl am ino propyltrim ethoxysilaoe [65,66]. 
The presence of a peak is recordeb in Table 8 1 w hich is 1028 cm - 1  ait 3/N S, followed! w ith
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1029, 1027, and 1030 cm  1 could be identified as the C -O  stretching bond of acetyl as a 
lignin [47,65].

3.6. Therm ogravim etric A nalysis (TGA)

The TG A  analysis of the r-W oPPC filam ent, w hich  contains treated N aO H , silane, 
N aO H -silane, and untreated r-PP, is presented in Figure 18. Table 9 sum m arizes the 
TG A  results of starting dahydration, degradation, decom position aem perature, residue 
tem perature, and final w eight after decom position oe sill the studied m aterials.

120
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Figure 18. Thermogravimetric analysis in dynamic nitrogen atmosphere. 

Table 9. Result: of TGA tesi r-PP and r-WoPPc.

Materials Code Degradation 
Temperature (°C)

Decomposition 
Temperature (°C) Residue Temperature (°C) Fin al Weigh t after 

Decomposition (%)

r-PP 330.16 475.93 499.52 0.03
3/UT 36.98 472.77 794.17 0.63
3/NO 71.20 471.37 798.55 0.98
3/SI 36.76 471.63 800.19 0.53
3/NS 136.17 467.64 803.97 0.22

R eferring to Figure 18, it can be observed that the dehydration begins at 35 °C  until 
140 °C  for w ood dust treated and untreated dusi; the dehydration happened because of 
the evaporation of m oisture to n ten t tn the w ood fibre inside the com posite filam ent. The 
wood dust com posite lias a mass loss of not more than 10% during this degradation phase. 
This finding is sim ilar to Jorge et al: [67], who discovered at an earlier stage of degradation 
that fibres begin  to lose m oisture w hen their m oisture evaporates during this phase of 
usage. W eight loss of fibre at this stage is presently  leos than 10°% of the total w eight. 
D egradation tem perature of NaOH-nilane filam ent has o  higher tem peratute com pared to 
untreated and silane treated, possibly  because the sieane coat fibre and rem oval of lignin 
and hem icellu loses during the aikaei treatm ent causes peak tem perature com pared w ith  
the untreated febre [38,68]. M eanw hile, the tem perature range w here c-PP degraded w as 
betw ee n 1 0 and 350 °C. Thi s is the beginning of the evaporation for recycled PP, and the 
w eight loss due to evaporation is now less than 10% [69].
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N ext, at h igher tem peratures, betw een 350 -480  ° C, the r-W oPPC filam ent and r-PP 
begin  to decom pose w hen the hem icellulose, cellulose, pectin, and lignin in  them  are 
decom posed; similarly, K rishna et al. [3] also reports the chem ical com position of the 
fibre, such ar cellulose, hem icellulose, pectin, and lignin, is progressively  destroyed at 
temperatures ranging from 300 to 500 °C. The higher decomposition temperature ct 475 °C 
is r-PP because the sam ple content is n o t mixhd w ith  other fibres, only recycled PP alone 
as a neat filam ent. A t this stage, for all sam ples that have w eight left not m ore than 
10%>, the sam e as the literature by A anim pong et al. [70], are stated as using w ood dust 
reinforced LDPE.

Lahtlp, at the residue phcse of the r-WoPPe com posite, h igher tem perature residue is 
more than 790 °C; unfortunately, r-PP obtained the lowest tem perature at leas than 500 °C. 
The a-WoPPc rePuced slightly, wherccu the compohite's final therm al dectm position resid
ual ratio increased. Tha m ain cause of this condition is the low er therm al decom position 
tem perature and greater therm al decom position residual ratio of w ood dust [5t ,71] than 
that of r-PP1. The highest tem perature recorded c t 803.97 °C  on  3/N S w as b ecau te  silane 
treatm ent h a i alw ays been  perform ed; eaw w ood duet fibres are m ede up of r-PP sur
rounded by sm all amounts of hem icellulose and lignin i7e]. The glue betw een the fibret is 
m ade ot am orphous structures of hem tcellulose and iignin that a rt softer than w ood dust 
fibre [40]. Other than that, 3/UT ie ctm p o sed  at 794.19 °C, 3/NO decomposed at 798.55 °C, 
w hile 3/SI decumposed at 800.19 °C.

The residual w eight thet m ighi be assigneC to char or other' products of thermal break
down [73,73] w as less than 1% for every sample oC r-WoPPc and r-PP. Thu TGA resutt reports 
that have every silane treatmene° such as 3 .N S , show s char residue is produced w hen 
cellulose is decom posed at a h igh tem perature and that the inw est residual char residue 
w eight indicates better therm al stability, approxim ate to the findings A ida et al. [36,38].

3.7. Differential Scanning Calorim etry (DSC)

Figure 19 s le w s  the D SC  analysis of the r-W oPPC filam ent, w hich  contains treated 
N aO H , silene, N eO H -silane, and untreated p-PP Table 17° show s the glass transition tTg) 
and m elting tem perature (Tml data from  D SC  represented code for: 3/UT, 3CNO, 3 /SI, 
3/INS, and r-PP. To determ ine if am o!phous substances m ey perform  glass transitions, the 
glass tram ition  (Tg) tem peratuse and o xidaliv e stability w ill be studied.

50

Tempertaure (°Q

Figure 19. Differential Scanning Calorimetry.
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Table 10. Results of DSC.

Materials Glass Transition 
Temperature, Tg (°C)

Melting Temperature, 
Tm (°C)

r-PP 167.77 470.29
3/UT 169.22 471.13
3/NO 171.89 470.70
3/SI 169.84 475.12

3/NS 169.70 472.80

The first peak in Figure 19 represents w ood d u st fibre, w hich  w ould be recognized 
to have an exotherm ic tem perature [54,74]. The r-PP, as a neat polym er filam ent, setting 
reference is 167.77 °C, the same as Yubo et al. [52,71], compared to other r-WoPPC, w hich is 
3/UT at 169.22 °C, 3/NO at 171.89 °C, 3/SI at 169.84 °C, and 3/NS at 169.70 °C, respectively, 
increased w ith  the addition of the w ood dust fibre. The glass transition tem perature of 
r-W oPPc is determ ined by the m olecular properties, com position, and com patibility  of 
the com p osite 's com ponents [55,75]. A  com ponent of the m elting tem perature (Tm) for 
r-W oPPc filam ent and r-PP filam ent is rem arkably different. U sing Table 10, the m elting 
temperature m ay be determined of r-PP at 470.29 °C, 3/UT at 471.13 °C, 3/NO at 470.70 °C, 
3/SI at 475.12 °C , and 3/N S at 472.80 °C, respectively. The difference betw een each data 
for m elting tem perature of r-PP and r-W oPPc is in  the range of 1 -5  °C , indicating that 
w ood dust fibre has a little b it of interfere w ith  the processing tem perature, the sam e as 
the literature [76]. The h ighest m elting tem perature (Tm) of 475.12 °C  on 3/SI found that 
the crystallization enthalpy and the crystallinity of r-PP can be increased w ith the addition 
of w ood dust fibre, as com pared to Yubo et al. [52,71] obtaining decreased values from  
using PLA  as polym er reinforced. This m ay be partially caused by the inhibition effect of 
wood dust fibre on the r-PP crystal form ation [57,77]. The num ber of factors, including the 
filam ent's therm al properties, m ust be considered before the printing process has started. 
The reason for this is that filam ent tem perature m ust be considered as an input param eter 
throughout the printing process. Insufficient therm al energy throughout the process w ill 
influence the quality of the sam ples and lead to reduced m echanical properties, w hich is 
w hy this is essential to m ention.

4. Conclusions
In this study, extruder m achine pulley speed and nozzle temperature w ere investigated 

for the production of w ood dust fibres reinforced w ith  recycled polypropylene (r-WoPPc) 
filam ents. The properties of r-WoPPc filaments such as w ater absorption, mechanical (wire 
pull strength), m orphological, and thermal properties w ere investigated. The filament was 
successfully extruded w ith  a m achine spool speed of 8 rpm  and a nozzle tem perature of 
180-190  °C. This setting results in a desired thread size of 1.75 m m . The A STM  D 792-91 
standard is used to determ ine the w ater absorption  properties of filam ents. Filam ents 
w ith  untreated w ood absorb a large am ount o f w ater (18% ) because the w ood consists 
of a lignocellulose m aterial, w hich absorbs m ore m oisture. Treated w ood fibre absorbs 
less w ater because the treatm ent rem oves the lignocellu lose m aterial. W ood dust treated 
r-W oPPc filam ent w ith  silane had the h ighest w ire tensile strength com pared to all other 
filam ents. The silane strength of treated w ood filam ents w as 35.4%  higher than that of 
untreated wood. The highest strength can be attributed to the minimal void and gap, w hich 
can be seen in the SEM  m icrograph of the fracture surface of the threads. The filam ent 
w ith  the least defects, w hich  can w ithstand a greater load, therefore has a filam ent w ith  
greater strength. The silane treatm ent increases the interface adhesion betw een the w ood 
fibre and the recycled PP, the silanol in the silane form s a siloxane bond, w hich  acts as 
a binder to increase the interface adhesion betw een the w ood and the recycled PP. FTIR  
analysis confirmed the presence of silanol at a wavelength of 897 cm -1  in the treated wood 
silane filam ents. M eanw hile, D SC  analysis provides a tem perature range of 167-170  °C  
for the solidification tem perature of the extrusion process in the extrusion m achine for



Materials 2 0 2 3 ,16, 479 20 of 23

the production of r-WoPPc filam ent com posites. TGA analysis revealed that wood-treated 
silane filaments can withstand higher temperatures, especially during the extrusion process, 
as they have the highest decom position tem perature. In  addition, this study show s that 
the effect of chem ical treatm ent on natural fibres, especially  w ood d ust fibres reinforced 
w ith  recycled PP, has a significant im pact on the yield  of several m echanical, physical, 
therm al, and m orphological processes to develop strong bonds for FD M  applications in 
3D  printing to produce com ponents. Exam ples of this can be found in the autom otive or 
household sector.
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