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ABSTRACT
This study explores how a sieving step of waste cellulosic fiber and fine (WCFF) mixture affects the performance of WCFF-loaded 
polypropylene (PP) composites and whether the separation of fines from fibers offers an added benefit. The WCFF samples were 
downsized, and four different filler size ranges were sieved using a series of mesh sizes from 4 to 0.85 mm. The WCFF/PP com-
posites were then compounded at 20 wt.% loading of WCFF using a twin-screw extruder. Incorporating WCFF increased the ten-
sile strength to 41.28 MPa and the modulus to 3207 MPa, accounting for 28% and 38% enhancements, respectively. Interestingly, 
the greatest improvements were associated with the nonsieved WCFF case, and the sieved WCFF fibers provided only marginal 
enhancements over virgin PP. The outperformance of nonsieved WCFF was attributed to the synergistic reinforcement of hybrid 
fibers and fines as well as the maintenance of longer fibers in the system. However, the strain at break and impact strength of PP 
decreased after introducing WCFF. Moreover, the complex viscosity and storage modulus increased with an increase in the filler 
size, due to the formation of a more effective percolative network. The PP's crystallinity exhibited a relatively strong dependency 
on the sieving, where WCFF samples with short-aspect-ratio fillers promoted the crystallinity significantly. It was also found that 
the WCFF degradation onset temperature increased once it was incorporated into PP. This study suggests that waste cellulosic 
feedstocks can be utilized as a reinforcement without additional sieving to manufacture high-performance and cost-effective 
composites.

1   |   Introduction, Motivation, and State-of-the-Art

The reusability of any material including bio-based reinforcing 
agents significantly impacts cost reduction and less energy con-
sumption, compared to their pristine counterparts [1, 2]. To this 
end, industrial wastes such as fly ash, pineapple crown fibers, 
crumb rubber, walnut shell powder, and recycled newspaper 
have been introduced to polymeric systems to prepare polymer 
composites [3–6]. One significant source of cellulose-based rein-
forcement is paper mills waste, which is a mixture of fibers and 

fines. Currently, the waste cellulosic fiber and fine (WCFF) mix-
ture is not recycled and is either landfilled or burned. Without 
proper recycling measures, WCFF represents a missed opportu-
nity for resource recovery and sustainable material utilization. 
These materials can potentially find applications in various in-
dustries, thereby reducing the demand for virgin resources and 
minimizing environmental impacts. By recycling WCFF, its in-
herent value as a source of cellulose material can be harnessed 
to produce bio-composites, insulation materials, paper products, 
and more. Moreover, recycling WCFF aligns with the principles 
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of the circular economy, where resources are kept in use for as 
long as possible, and waste is minimized through efficient re-
source management.

Among various potential applications, the utilization of WCFF 
towards developing natural fiber reinforced polymer compos-
ites seems promising, as such composites have been well de-
veloped using pristine natural fibers. However, the presence 
of hydrophilic groups such as   OH in cellulose makes them 
less compatible with hydrophobic polymers such as polypro-
pylene (PP) and polyethylene (PE). It has been reported that 
the lack of interfacial interactions between reinforcing fiber 
and polymer matrix results in inferior mechanical properties 
of the composite. To address this issue, various compatibili-
zation techniques, such as surface treatment of fiber and the 
use of a coupling agent, have been reported. Recently, Maurya 
et  al. [7] presented a review of industrially relevant natural 
fiber reinforced PP hybrid composites, considering sisal, flax, 
kenaf, hemp, and coir fibers. Overall, they found that chemical 
treatment is preferred over physical treatment, as mechanical 
interlocking is the only load transfer mechanism in the latter 
case. Furthermore, chemical treatment (e.g., silane, alkali-
silane, alkaline, acetylation) tailors the fiber surface and en-
hances the compatibilization at the interface of natural fiber 
and polymeric matrix. Alkali treatment is the most employed 
technique for the chemical treatment of natural fibers for com-
posite fabrication [8]. For instance, El-Abbassi et al. [9] soaked 
the alfa fiber in salt water (35 g/L) for 24 h at 60°C, followed 
by 10% NaOH treatment. The authors reported an improve-
ment of 18% in the tensile strength for 30 wt.% fiber-reinforced 
PP composites. Similar to chemical treatment, compatibili-
zation is another promising route that has been extensively 
used to enhance the interaction between surfaces of natural 
fibers and polymeric matrices [7]. Lu et al. [10] stated that any 
material that reduces the interfacial energy between the two 
separate phases or enhances the dispersion of fibers within 
the matrix can be termed as a compatibilizer. Monofunctional 
isocyanates and maleic anhydride grafted PP (MA-g-PP) are 
common compatibilizers. MA-g-PP promotes esterification 
and/or hydrogen bonds between the   OH groups of fiber and 
the -MA groups of MA-g-PP. Chain entanglement between 
MA-g-PP and PP is also exhibited during compatibilization 
due to the incorporation of MA-g-PP in the natural fiber and 
polymer composite system [7]. In other studies, MA-g-PP [11], 
MA-g-styrene-ethylene-butylene-styrene (SEBS) [12] and 
MA-g-ethylene-propylene rubber (EPR) [4] have also been re-
ported as compatibilizers for the fabrication of PP composites 
reinforced with bamboo fiber, sisal fiber, and pineapple leaves, 
respectively. All these composites demonstrated improved 
tensile strength and modulus by incorporating compatibilizer. 
Moreover, using compatibilizers instead of chemical or physi-
cal treatment of the fibers saves significant effort, energy, and 
cost. On an industrial scale, using a compatibilizer would also 
be an easier step compared to fiber treatments. Although most 
reports on natural fiber reinforced polymer composites focus 
on the analysis of the mechanical performance, rheological 
analysis upon incorporation of fibers and compatibilizers is 
also important. It can serve dual purposes—optimizing the 
melt processing of the composites and evaluating the micro-
structure of the composites (e.g., dispersion quality and perco-
lation) [13]. Solid reinforcements significantly hinder polymer 

chain mobility in the melt state, which in turn is influenced by 
dispersion, shape and surface modification, and particle size 
of the reinforcement [13, 14].

However, limited work has been reported on using industrial 
paper mill waste as a potential reinforcing agent in PP compos-
ites. This waste usually contains both large aspect ratio fibers as 
well as fines that resemble zero dimensional particles (i.e., as-
pect ratio of about one). It is thus crucial to study the reinforcing 
role of these hybrid waste cellulosic materials and more impor-
tantly how the presence of the fines may affect the reinforcing 
capability. Therefore, this work explores the potential of WCFF 
towards high performance PP composites. The focus is on exam-
ining the effects of WCFF sieving and MA-g-PP compatibilizer 
on the mechanical, rheological, and thermal properties of the 
WCFF/PP composites.

2   |   Materials and Methods

2.1   |   Materials

The recycled waste cellulosic fibers and fines were supplied in 
pellet form by the American Wood Fibers (AWF), United States. 
PP, grade PRIMATOPR PPC 05030 was procured from AMCO 
polymers. As per the manufacturer, it had a density, melt mass 
flow rate (MFR at 230°C/2.16 kg), and tensile yield strength of 
0.90 cm3/g, 5 g/10 min, and 33.44 MPa, respectively. Coupling 
agent MA-g-PP was obtained from SK functional polymers 
under the trade name Orevac-CA100. The coupling agent had a 
density and MFR of 0.91 g/cm3 and 10 g/10 min, and a compara-
ble price range to that of the PP.

2.2   |   Fabrication Procedure

2.2.1   |   WCFF Preprocessing

As received, WCFF pellets were subjected to mechanical grind-
ing for 90 s in a high-speed blender. This mild grinding aimed 
to achieve optimal fiber dissociation to maintain a suitable bulk 
density for consistent feeding during subsequent processing 
while preventing significant fiber breakage. The grinded WCFF 
pellets were analyzed using a MorFi Analyzer (Pichincha, 
Ecuador) for their size distribution. Particles with an aspect ratio 
greater than unity were considered fibers, and those with an as-
pect ratio of one or less were termed fines. Fiber analysis showed 
that about 55 wt.% of WCFF was in fiber form (with an average 
aspect ratio of about 30) and the remaining 45 wt.% was fines. 
The grinded WCFF was then sieved to obtain three different 
size ranges. A stack of sieves with varying mesh sizes was used, 
with the largest openings at the top and smallest at the bottom. 
The samples were poured onto the top sieve, and a mechanical 
shaker was used to guide the samples through the sieves. The 
samples were collected in three mesh size ranges: 1.7–4 mm 
(SF1), 0.85–1.7 mm (SF2), and less than 0.85 mm (SF3) as given 
in Table 1. The WCFF batches then underwent a controlled two-
step drying process (12 h at 80°C and 5 min at 120°C) using a 
conventional oven. This process ensured a final moisture con-
tent below 1 wt.%, as measured by a Computrac Vapor Pro XL 
(S/N: 42000272) Moisture Analyzer.
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2.2.2   |   Compounding of WCFF/PP Composites

Table 1 gives the sample code and the composition of the com-
posites. MA-g-PP was used at an optimized content of 3 wt.% 
after screening experiments from 0 to 5 wt.% loading. WCFF 
was used at 20 wt.% loading, as an intermediate loading con-
tent to analyze the mesh size effect. Preliminary results showed 
that WCFF can be loaded up to 40 wt.%. Compounding of all the 
samples was performed using a twin-screw extruder (Leistrtiz 
ZSE 18HP) with a diameter of 18 mm and an L/D ratio of 40. PP 
and MA-g-PP were dry blended and fed together from a feeder, 
whereas WCFF were dosed and fed using another feeder. A 
total throughput of 50 g/min and a screw speed of 300 rpm were 
maintained for all the composite compositions. The extruder 
temperature was also kept at 180°C or below, and the extrudates 
were cooled down, passing through a water bath before pellet-
ization. The pelletized compounds were dried in an air oven 
maintained at 80°C to remove moisture before further process-
ing or testing.

The compounded pellets were then compression molded 
(CARVER INC. model 4394.4PL3003) into 0.62 mm flat sheets 
under a pressure of 103 MPa and a temperature of 180°C. The 
compression cycle lasted 8 min, followed by system-controlled 
water cooling to 20°C in 5 min to control the cooling rate and 
stabilize the molded sheets. Following a modified ASTM D638, 
type V tensile samples were die-cut from the sheets. Microscopy 
samples were made by cryo-fracturing a small sample cut from 
the same compression molded sheets. For rheology tests, circu-
lar discs of 25 mm in diameter and 2 mm in thickness were pre-
pared from the compounded pellets using an Xplore IM12 micro 
injection molding machine at 200°C. For thermal analysis, pel-
lets were used as compounded.

2.2.3   |   Testing and Characterization

The fracture surface morphology of the cryo-fractured com-
posites was characterized using a scanning electron mi-
croscope (SEM, Make: JEOL (JSM 6390)) at an acceleration 
voltage of 5 kV. Prior to SEM characterization, gold sputtering 
was provided for 3 min on all the samples using Vacuum Desk 
IV sputter coater.

Rheological properties were measured using an ARES G2 
rheometer (TA Instruments, Series: 4010–0218) with 25 mm 

stainless steel parallel plates and a 1.5 mm gap. Tests were con-
ducted in the linear viscoelastic region at 5% strain. Oscillation 
frequency sweeps (100–0.1 rad/s) at 170°C and 230°C were con-
ducted. The samples' melt flow index (MFI) was also measured 
using a Dynisco IM 500 melt flow indexer in accordance with 
ASTM D1238. After loading about 10 g of material into the plas-
tometer cylinder, it was heated up for 90 s at 200°C. The sample 
was then subjected to a 2.16 kg weight following the preheating 
process. The extrudate mass was measured every 1 min for five 
times to determine the average MFI value in g/10 min for each 
sample.

The tensile properties were tested as per ASTM D638 standard 
(type V) on Instron 5966 with a 10 kN load cell. A displace-
ment rate of 10 mm/min was used, providing a nominal strain 
rate of 1 mm/(mm min) at the start of the test. At least 5 spec-
imens of each sample were tested, and the average and stan-
dard deviation values of tensile strength, Young's modulus, and 
elongation at break are reported. The Izod impact test was per-
formed according to ASTM D256. A rectangular bar measuring 
64 × 12.7 × 3.2 mm was compression molded and a notch with a 
depth of 2.5 mm was created. The specimen was secured in the 
pendulum impact test fixture with the notched side directed to-
wards the pendulum's striking edge. The pendulum was then re-
leased to strike the specimen. The average impact strength was 
measured from five samples for each composition.

Thermal properties, that is crystallinity, crystallization tempera-
ture, and melting point were measured using a differential scan-
ning calorimetry (DSC, Mettler Toledo DSC 3+, C151224649). 
Both heating and cooling cycles were investigated as per ASTM 
D3418-15 standard. About 6 mg of each sample was placed in 
an aluminum pan and heated up to 250°C and maintained for 
5 min to remove any thermal history. The samples were then 
cooled down to −50°C. After cooling, the samples were heated 
up again to 250°C to obtain the second heating thermograms. 
The crystallinity of PP was calculated using:

where, ∆Hm is the melting enthalpy of the tested sample, ∆Hm° 
is the melting enthalpy of 100% crystalline PP (207 J/g), and wpp 
is the weight fraction of PP in the composite. Moreover, to study 
thermal stability and degradation behavior, thermogravimet-
ric analysis (TGA) was performed using Mettler Toledo TGA 

(1)Xc(%) =
ΔHm

ΔHm
◦ . wPP

× 100

TABLE 1    |    Sample codes and compositions of PP and WCFF/PP composites.

Sample code PP (wt.%) MA-g-PP (wt.%) WCFF (wt.%) WCFF mesh size

PP 100 0 0 —

PP+MA-g-PP 97 3 — —

SF0-MA0 80 0 20 Not sieved

SF0 77 3 20 Not sieved

SF1 77 3 20 4 > WCFF > 1.7

SF2 77 3 20 1.7 > WCFF > 0.85

SF3 77 3 20 WCFF < 0.85
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2: CIS1224647 from 50°C to 600°C at 20°C/min heating ramp 
under a nitrogen environment.

3   |   Results and Discussion

3.1   |   The Role of MA-g-PP

Figure 1 shows the SEM micrographs of WCFF/PP composites 
without MA-g-PP and with 3 wt.% MA-g-PP. The comparison of 
the two SEM micrographs clearly shows the effect of MA-g-PP. 
In the case of no MA-g-PP (Figure  1a), fiber pullouts and the 
separation of fibers from the matrix at the interface are vis-
ible. However, once 3 wt.% MA-g-PP is added (Figure  1b), the 
morphology changes significantly; no fiber pullouts are visible, 
and the interfaces appear to remain more intact. Moreover, the 
addition of 3 wt.% of MA-g-PP to the composite system led to a 
better state of dispersion and distribution of the WCFF. As seen 
in Figure  1a, the composite without MA-g-PP had a rougher 
surface, which could be attributed to significant agglomeration 
of the cellulose fines/fibers, as opposed to Figure 1b, where the 
surface is smoother, due to a more uniform dispersion of WCFF 
at the presence of MA-g-PP. These observations are in line with 
the report by Kim et al. [15], where the authors fabricated nat-
ural fiber-reinforced PP composites with and without compat-
ibilizer and showed that the composites with compatibilizers 
exhibited enhanced interfacial interactions.

Figure  2 shows the stress–strain curves as well as the tensile 
strength and modulus of PP and PP+MA-g-PP samples. Both 
PP and PP+MA-g-PP exhibited ductile behavior with yielding, 
as expected. With the incorporation of 3 wt.% MA-g-PP, a de-
crease in both tensile strength and modulus of PP was observed, 
whereas its elongation at break did not vary significantly. The 
pristine PP exhibited a tensile strength, modulus, and elonga-
tion at break of 32.45 MPa, 2329 MPa, and 330%, respectively, 
whereas these values for PP+MA-g-PP sample were 29.48 MPa, 
2176 MPa, and 331%, corresponding to 9.1% and 6.6% decreases 
in strength and modulus, respectively. The decrease in tensile 
properties due to the incorporation of MA-g-PP might be attrib-
utable to the lower tensile properties of the MA-g-PP compared 
to pristine PP [16]. Likewise, Figure 2c,d show the stress–strain 
curve as well as the tensile strength and modulus of WCFF/PP 
composites, respectively. Samples SF0 and SF0-MA0 are WCFF/

PP composites with and without MA-g-PP (Table 1). SF0 exhib-
ited a tensile strength of 41.29 MPa while that for SF0-MA0 was 
36.59 MPa, accounting for about 12.9% difference. Likewise, the 
composites with and without MA-g-PP demonstrated a tensile 
modulus of 3207 and 2957 MPa, respectively, demonstrating an 
8.5% difference. The increase in the tensile strength and mod-
ulus of WCFF/PP composite with the addition of MA-g-PP is 
attributed to a better dispersion of fibers and fines as well as 
the enhanced interfacial bonding enabled by the interactions 
between the WCFF and MA groups of MA-g-PP. It has been re-
ported in the literature that the hydroxyl group of the natural 
fiber interacts with the maleic anhydride and makes strong ester 
linkage at the interface of the fiber and the polymer matrix [10], 
which promotes a more effective load transfer from the polymer 
matrix to the reinforcing fibers.

3.2   |   Rheological Behavior of WCFF/PP 
Composites

Figure 3a,b shows the storage modulus (G′) and complex viscos-
ity (η*) of PP and WCFF/PP composites, revealing the effects of 
WCFF incorporation, MA-g-PP addition, and sieving of WCFF. 
Although running rheology tests at 230°C resulted in brown-
ing of the samples, catastrophic thermal decomposition was not 
occurring as TGA showed peak degradation of WCFF at 355°C 
(Figure 8). Instead, the cellulosic component was experiencing 
more moderate thermal or chemical modification during the ex-
tended time under shear at this elevated temperature. Foaming 
and voids were not observed, confirming that 230°C was not hot 
enough to cause off-gassing. Furthermore, time sweeps at 200°C 
(data not shown) revealed less than 10% change in rheological 
properties of SF0-MA0 and approximately a 30% change in SF0 
within 10 min, which is approximately the time needed to com-
plete a frequency sweep test. The greater reduction observed in 
SF0 is attributed to the presence of MA-g-PP, rather than degra-
dation of the WCFF.

Both G′ and η* were lower at 230°C, compared to those at 170°C 
for all the cases, as expected. Higher thermal energy increased 
polymer chain mobility, reducing entanglements and intermo-
lecular interactions responsible for melt elasticity and flow resis-
tance. All samples exhibited typical shear-thinning behavior on 
the complex viscosity plot (Figure 3 inset). Incorporating 20 wt.% 

FIGURE 1    |    SEM micrographs representing the morphology of the cryo-fractured samples of WCFF/PP composites (a) without MA-g-PP (SF0 
sample) and (b) with 3 wt.% MA-g-PP (SF0-MA0 sample).
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WCFF into PP increased G′ and η* across the frequency sweep at 
170°C, compared to neat PP, with the enhancement less prominent 
at higher frequencies (Figure 3a). This enhancement was due to 

fibers restricting polymer chain flow, increasing the composite's 
resistance to shear stress-induced deformation [17]. The addition 
of MA-g-PP slightly reduced G′ (at 170°C) and η* (at both 170°C 

FIGURE 2    |    (a) Stress versus strain curve and (b) tensile strength and modulus of the PP and PP+MA-g-PP (c) Stress versus strain curve and (d) 
tensile strength and modulus of the WCFF/PP composites with (SF0) and without MA-g-PP (SF0-MA0).

FIGURE 3    |    Storage modulus and complex viscosity as a function of frequency showing (a) the effect of MA-g-PP on WCFF/PP composites at 
170°C and 230°C and (b) the effect of particle size on WCFF/PP composites at 170°C and 230°C.
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and 230°C) of the WCFF/PP composite (Figure 3a). This reduc-
tion was attributed to a better dispersion of fibers/fines as well as 
improved adhesion between the PP matrix and WCFF interface, 
resulting in lower resistance of the composite to flow. Although 
not measured, we speculate that the MA-g-PP had a lower mo-
lecular weight, decreasing the effective entanglement in the melt 
[17–19]. At 170°C, the rheological response was reduced over all 
frequencies. However, at 230°C, SF0 displayed more pronounced 
plateauing of the G′ at low frequencies, indicative of a strong net-
work formation with the addition of MA-g-PP.

The rheological responses of the composites exhibited variations 
dependent on particle size. The highest storage modulus and vis-
cosity were associated with SF1 at both temperatures (Figure 3b). 
SF1 possessed fibers with the largest aspect ratios (Table  1). 
Moving from SF1 to SF3, as the fiber aspect ratio decreases, G′ and 
η* decreased. These differences are particularly larger at low fre-
quency ranges. At a given loading of filler (20 wt.% here), a larger 
aspect ratio provides a more effective percolative network and thus 
more resistance to flow. Also, the observed enhancements at lower 
frequency ranges can be attributed to fiber-polymer matrix inter-
actions that cannot be altered at low frequencies [20]. Although 
SF0 (nonsieved) had the broadest fiber size distribution compared 
to other formulations, the negligible differences in rheological 
behavior between SF0 and SF3 at 170°C across all frequencies 
(Figure 3b) suggest that SF0 contained a significant proportion of 
SF3-sized particles. Similar observations of the aspect ratio effect 
have also been demonstrated in nanocomposite systems [21].

Figure  4 illustrates the MFI results for all the samples given 
in Table  1. The MFI value of PP, SF0-MA0, SF0, SF1, SF2, 
and SF3 were measured to be 2.42, 0.88, 0.88, 0.52, 0.78, and 
0.84 g/10 min, respectively. The data shows a noticeable change 
in MFI when 20 wt.% WCFF was added to PP, consistent with 
the complex viscosity data. The inclusion of MA-g-PP had lit-
tle impact on the flow characteristics of WCFF/PP composites. 
Moreover, at a constant WCFF content of 20 wt.%, an increase 
in the size range from SF3 to SF1 resulted in a further decrease 
in MFI. This trend again aligns with the complex viscosity 
data above. Soleimani et al. [22] and Panthapulakkal et al. [23] 
reported a reduction in MFI with the addition of fiber due to 

restriction in flow, and Huang et al. reported a reduction in MFI 
with fiber aspect ratio similar to the observations here [24].

3.3   |   Tensile Properties of WCFF/PP Composites

Figure 5a,b show the stress versus strain plots of the pristine PP 
and 20 wt.% WCFF reinforced composites having different sieving 
mesh sizes, that is SF0, SF1, SF2, and SF3 of Table 1. Pristine PP 
shows a ductile behavior while all the composites went through a 
brittle fracture without any significant plastic deformation. PP ex-
hibited a tensile strength of 32.45 MPa, whereas SF0, SF1, SF2, and 
SF3 composites showed a tensile strength of 41.28, 31.04, 28.15, 
and 28.18 MPa, respectively (Figure 5c). It is evident, especially for 
composites from SF1 to SF3, that with the decreasing mesh size, 
a decrease in the tensile strength was exhibited, attributed to the 
decreased aspect ratio of the fibers. Interestingly, the composite 
SF0 reported the greatest tensile strength among all the samples. 
It was presumed that nonsieved WCFF with a mix of both partic-
ulate and fibrous reinforcement performed as a hybrid composite. 
Larger fibers acted as primary reinforcement with the support of 
small particulates as secondary hybridizing particles. Similar re-
sults have been reported by Gogoi et al. [25] for the hollow glass 
microspheres (HGM) and carbon fiber reinforced PP composites. 
In their study, the authors found that only carbon fiber or HGM 
reinforced PP composites exhibited lower tensile strength values, 
compared to a mix of both HGM and carbon fiber reinforced PP 
hybrid composites. In other studies, Khandelwal et  al. [26] and 
Sumesh et al. [27] reported that the use of nano or microparticu-
late fillers reduced the interfacial gap between fiber and polymeric 
matrix and helped in more effective transferring of the load from 
matrix to fiber. Hence, in the current study, composites reinforced 
with nonsieved reinforcement (a combination of both long cellu-
losic fibers and cellulose fines) having the highest tensile strength 
among all the composites, could have benefited from this hybrid-
ization mechanism.

As seen in Figure 5d, the tensile modulus also followed a sim-
ilar trend as the strength. The modulus of SF0, SF1, SF2, and 
SF3 composites was measured to be 3207, 2660, 2234, and 
2172 MPa, respectively (Figure  4d). The composites of SF0 
and SF1 demonstrated a higher tensile modulus than that of 
the pristine PP (2330 MPa). Again, the combination of large 
fiber size and microparticles in nonsieved fibers resulted 
in the highest tensile modulus of the SF0 composites due to 
the positive hybridization effect. As shown in Figure  5e,f, 
the elongation at break of all the composites decreased sig-
nificantly compared to the pristine PP case. No significant 
difference was observed between the elongation at break of 
different composites. The decrease in the elongation at break 
was attributed to the addition of the hard and stiff WCFF 
filler, with low deformability, which causes the composite sys-
tem to be brittle with a sharp drop in the elongation at break 
[28]. This observation is in line with the data reported by var-
ious researchers, where the addition of hard and stiff fiber led 
to a sharp drop in elongation at break and impact properties 
of the composites, as summarized in this review article [29]. 
Furthermore, the presence of MA-g-PP also caused a drop in 
the elongation at break (Figure 2a), due to its additional stiff-
ening effect through enhanced interface. It has been reported 
that during crack propagation, fibers need to break or pull out 

FIGURE 4    |    MFI of WCFF/PP composites showing the effect of 
WCFF and its size on the PP's melt flow index.
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of the matrix. However, the presence of a compatibilizer in-
creases the chance of fiber breakage due to the strong inter-
facial adhesion, leading to lower elongation at break [30]. The 
above results and discussion confirm that nonsieved fibers 
outperformed all the sieved fibers and improved the strength 
and modulus of the pristine PP by 24.2% and 37.7%, respec-
tively. These findings suggest that a sieving process may not 
be necessary for the utilization of waste cellulosic feedstocks.

Figure  6 shows the impact strength of the pristine PP and 
20 wt.% WCFF loaded composites with different sieving mesh 
sizes, namely SF0, SF1, SF2, and SF3 as listed in Table 1. Pristine 
PP exhibits ductile behavior with an impact strength of 11.14 kJ/
m2, whereas all the composites display lower impact strengths. 
The impact strengths of SF0-MA0, SF0, SF1, SF2, and SF3 were 

4.22, 5.41, 5.17, 4.64, and 4.35 kJ/m2, respectively. Similar results 
have been reported by Bengtsson et al. [31], where the impact 
strength of the cellulose fiber reinforced PP composites was 
significantly lower than that of the neat PP. As reported, stiffer 
cellulose fibers and their interfaces with the matrix can act as 
stress concentrators in the composite, thus reducing the mate-
rial resistance to crack initiation and growth and consequently 
reducing the impact strength [31–33]. Moreover, the SF0 com-
posite showed higher impact strength than SF0-MA0 because 
of the addition of the compatibilizer, as also reported in Ashori 
et al. [34] More interestingly, the composite samples SF1 to SF3 
showed a reduction in the impact strength as the WCFF mesh 
size decreased. Although there is no study directly analyzing 
the mesh size effect of WCFF, past works have shown that the 
impact strength decreases with a reduction in the fiber aspect 
ratio [35, 36].

3.4   |   Thermal Properties of WCFF/PP Composites

Figure 7a,b show the cooling and second heating thermograms 
of the pristine PP and WCFF/PP composites, respectively. 
Likewise, Figure 7c shows the peak crystallization temperature 
(Tc) and crystallinity (X), calculated from the second heating 
thermograms. SF0, SF1, SF2, and SF3 showed a Tc of 121.1°C, 
121.0°C, 121.4°C, and 120.8°C, respectively, which all were lower 
than the Tc of the pristine PP (128.7°C). A similar result has been 
reported for the sunflower hull sanding dust-reinforced compos-
ites by Sui et  al. [16]. Moreover, no significant difference was 
observed between the Tc values of various WCFF/PP composite. 
In other words, at a given WCFF loading (20 wt.%), the sieving 
size did not appear to significantly affect the Tc of the compos-
ites. In addition, the Tm of PP did not change significantly due 
to the addition of WCFF. However, as seen in Figure 7c, overall, 

FIGURE 5    |    Effect of different fiber sizes on the tensile properties (a, b) tensile stress versus elongation (c) tensile stress (d) tensile modulus (e, f) 
elongation at break.

FIGURE 6    |    Effect of different fiber sizes on Izod notched impact 
strength of PP composite.
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PP's crystallinity was increased after the addition of WCFF, but 
the level of improvement was dependent on the sieving size. 
The composite SF3, reinforced with the smallest WCFF mesh 
size (lower than 0.82 mm) exhibited the highest crystallinity of 
54.6%, indicating a 32.6% increase, compared to that of pristine 
PP. The second largest increase in crystallinity was for SF0 case 
(13.0%). The composites having fibers with large aspect ratio, 
that is SF1 and SF2 demonstrated crystallinity values only 
slightly larger than that of PP.

Although fillers can potentially act as a crystal nucleating agent, 
Sui et al. [16] have reported that fillers were found to also obstruct 
the mobilization of the PP macromolecular chain and prevent 
the macromolecular segment from obtaining ordered align-
ment in the crystal lattice. Therefore, overall, the crystallization 
temperature and crystallinity of a two-phase or three-phase 
composite depend on the competition between heterogeneous 
nucleation provided by the reinforcements and the obstructions 
created by them during the crystal formation of the matrix. The 
composite SF3 had the smallest size of cellulose fillers, and it 
appears that small-sized fillers provided a better opportunity for 
crystal nucleation, whereas their obstruction effect during chain 
stacking may not have been as severe due to their smaller size. 
Thus, it provided the highest crystallinity. Similarly, SF0, which 
is the nonsieved case, did include a substantial fraction of small-
sized fillers, providing the second most increase in the crystal-
linity. The effect of filler size on polymer chain mobility can also 
be inferred from the rheological observations, where SF1 and 
SF2 exhibited higher viscosity values compared to those of SF0 

and SF3 (Figure 3b). In a similar study, the effect of fiber length 
on the crystallinity of the glass fiber-reinforced PP composites 
was investigated by Seong et al. [37]. The authors reported that 
the composites reinforced with 2 mm fiber length demonstrated 
higher crystallinity (X = 55.9%), compared to those reinforced 
with 10 mm fiber size (X = 52.9%).

The thermal stability and degradation behavior of PP, WCFF, 
and WCFF/PP composites were studied using thermogravimet-
ric analysis and the results are gathered in Figure 8. Pristine PP 
and WCFF underwent single-step degradation, whereas WCFF/
PP composites followed a two-step degradation (Figure  8a) 
[38, 39]. Pristine WCFF showed an initial weight loss of about 
5%, which could be due to the moisture removal. In Figure 8b, 
the mass loss peaked at around 355°C, which was associated 
with the degradation of cellulose, and the other one peaked at 
around 460°C, which was for PP degradation [40]. In WCFF/
PP composites, the peak temperatures of WCFF and PP compo-
nents remained approximately unchanged. However, the onset 
temperature of WCFF in the composites increased from around 
220°C for the pristine WCFF to 282°C, indicating an improved 
stability of cellulose once integrated in the PP matrix. The onset 
temperature was the same for all the composites, as they all in-
cluded the same amount of WCFF (20 wt.%) [41] and the filler 
size did not seem to have any effect. It has been reported that the 
onset temperature decreases with increasing fiber content [40]. 
At the end of the TGA experiment, pristine PP and WCFF left a 
residue of 0.3% and 12.0%, respectively, and the residue of the 
composites was about 3–4 wt.%.

FIGURE 7    |    (a) Cooling thermograms, (b) second heating thermograms, and (c) crystallization temperature (Tc) and crystallinity (X) of WCFF/
PP composites.

FIGURE 8    |    (a) Weight percentage and (b) temperature derivative weight loss as a function of temperature for PP, WCFF, and WCFF/PP composites.
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With the widespread development of plant-based fiber rein-
forced polymer composite, this work sheds some light on the 
suitability of incorporating waste plant base materials as rein-
forcing agents in polymer composites. Many literature works 
have reported that natural fiber-reinforced composites can be 
successfully used for the fabrication of automotive components, 
such as door panels, racing car seats, inserts, rear parcel shelves, 
seat backs, spare tire covers, and interior trims. For instance, 
Pradeep et al. reported the properties and use of various poly-
meric composites for door panels used by various automakers 
[42]. In their investigation, the authors found that Audi, Daimler 
Chrysler, and Dodge reported a tensile strength of 40–50, 30–
60, and 15–26 MPa for door panel applications using flax/sisal/
polyurethane rubber, flax/hemp/coconut/PP, and TPO [42]. 
Interestingly, the tensile strength of the composites fabricated 
from WCFF and PP in this work falls in the same range.

4   |   Conclusions

WCFF mixture from the paper industry was received in large 
pellet form and dissociated into a feedable fibrous form using 
a gentle grinding process. The down-sized WCFF was sieved 
using different mesh sizes and compounded with PP with and 
without MA-g-PP. The compounding was conducted using a 
twin-screw extruder, followed by sample preparation using 
compression molding. The morphological analysis confirmed 
that the incorporation of MA-g-PP in the composites enhanced 
the dispersion of WCFF increased the cellulose/PP interfacial 
adhesion. Incorporating 20 wt.% WCFF into PP increased the 
storage modulus (G′) and complex viscosity (η*) of the compos-
ites at 170°C. The rheological tests at the extreme temperature of 
230°C revealed a reduction in both G′ and η*, due to an increased 
polymer chain mobility, as expected. The browning observed at 
230°C indicated some level of thermal or chemical modification 
during rheological testing, highlighting differences between dy-
namic rheological testing and TGA measurements. Moreover, 
the maximum increase in G′ and η* was observed for the sam-
ples loaded with nonsieved WCFF (SF0), due to a larger fiber 
aspect ratio and synergistic effect of fibers and fines. In addi-
tion, the MFI measurements also revealed that the melt flow-
ability slightly decreased with an increase in the WCFF mesh 
size. The highest tensile strength and modulus were found for 
the composite fabricated using nonsieved WCFF, offering 28% 
and 38% enhancements, respectively, over pristine PP. The out-
performance of nonsieved WCFF, compared to the sieved fibers, 
was attributed to the positive hybridization effect of a mixture 
of large aspect ratio (fiber) and small aspect ratio (fine) fillers. 
However, the impact strength of the PP/WCFF composites was 
lower than that of the pristine PP. Overall, the tensile strength, 
tensile modulus and impact strength all increased as the mesh 
size was increased, which could be due to the inclusion of a 
greater number of large-aspect-ratio fillers.

Thermal analysis showed that overall, the PP's crystallization 
temperature decreased by the introduction of 20 wt.% WCFF and 
3 wt.% MA-g-PP to pristine PP. The PP's crystallinity, however, 
exhibited a relatively strong dependency on the sieving, where 
WCFF samples having a larger number of finer fillers promoted 
the crystallinity significantly, whereas others with large-aspect-
ratio fillers had minimal impact on crystallinity. Moreover, it was 

found that the WCFF degradation onset temperature increased 
significantly once it was incorporated into the PP matrix, offer-
ing melt processability benefits. This study suggests that waste 
cellulosic mixtures may be utilized as effective reinforcement 
without any additional sieving and separation to manufacture 
high-performance and cost-effective polymer composites.
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