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This study evaluates the water diﬀusion mechanism on mechanical properties of polypropylene reinforced composites.
Compounding of the composites into sheets was carried out using the compression moulding techniques by incorporating
varying weight percentage of ﬁbers and polypropylene. Mechanical properties of the composites were assessed according to
ASTM standards, while the composite fracture surface was examined using a scanning electron microscope. The water
absorption behaviour and diﬀusion mechanisms on mechanical properties of fabricated composites were analysed using a water
immersion test and the Fickian diﬀusion model. The results show that mechanical properties of all polypropylene reinforced
composites under dry condition was higher than wet condition. The composites reinforced with 7 wt.% (KOH and NaOH)
ﬁbers follow a consistent trend and gave the highest tensile strength and tensile modulus in comparison with pure PP
(polypropylene). Addition of ﬁbers into the polypropylene matrix gradually decreases composites impact strength with
exception to 3 wt.% and 5 wt.% composites. The hardness properties of reinforced composites were steadily increased as the
ﬁber loading increases which signify strong ﬁber-matrix bonding. The percentage of water absorbed for all reinforced
composites increased as the ﬁber weight increases and slowly ﬂattened oﬀ after 10 days of saturation. The morphological study
revealed ﬁber pullout and delamination of reinforced composites attributed to poor ﬁber-matrix adhesion amount to water
intake. The diﬀusion transport mechanism of polypropylene composites was observed to obey the Fickian diﬀusion model.

1. Introduction
Nowadays, the development of novel polymer composites
derived from natural and synthetic ﬁbers has experienced a
remarkable progress in both composites industries and
domestic use [1]. Natural ﬁber derivatives from wood,
hemp, and kenaf are progressively replacing conservative
ﬁberglass and nonrecyclable ﬁbers attributed to their unique
mechanical properties, ecofriendly, abundant, low-cost, and

renewable [2]. They are extensively used in composite fabrication, manufacturing industries, and domestic use [3–5].
Natural ﬁber is hydrophilic in nature and witnessed major
setbacks in polymeric composites due to the presence of
their hydroxyl groups such as lignin, cellulose, and waxes
[6]. These hydroxyl groups and other ﬁber constituents contribute to their hydrophilic nature and eﬀortlessly absorbed
moisture, making them diﬃcult to adhere strongly with
the matrix interface. However, in recent years, eﬀorts have
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been made on exploring the use of chemical treatments to
eliminate these hydroxyl groups by dissolution of hydrogen
bonds within the cellulose compounds [7]. This targets the
reduction in ﬁber moisture absorption and subsequently
promotes good adhesion between the matrix and reinforcements [8, 9]. Meanwhile, water absorption uptake in ﬁberreinforced polymeric composites leads to poor stress transfer,
polymer degradation, and dimensional instability and contributes harmful eﬀects to composite structural reliability
and performance [10, 11]. The movement of water molecules
inside composite materials occurs by diﬀusion mechanism.
Fick’s law is one of the models used to predict quite a number
of diﬀusion mechanisms of polymer composites due to its
simplicity [12]. Generally, under Fickian’s laws, diﬀusion of
water molecules in composites is considered by three categories of mechanisms [13] including the ﬂow of water
molecules within the microcracks of the polymer chains,
transportation of water molecules through the capillary into
cavities and voids created within the ﬁber-matrix interface
[14, 15], and ﬁnally the overall eﬀect of swelling of the composites which spreads within the microvoids of the composite
matrix [15]. Several exertions have been investigated to predict water absorption intake on polypropylene composites
using various techniques [16]. Mat-Shayuti et al. [17] studied
the eﬀect of water absorption characteristics on polypropylene reinforced with polycarbonate and concluded that composites established a transitional absorption value between
polypropylene and polycarbonate. Similarly, a decrease in
water absorption of reinforced composites was observed as
related to unreinforced polymer. Hernandez-Diaz et al. [18]
evaluated the impact strength and water absorption characteristic on newspaper recycled polypropylene composites.
The result suggested that reduction in impact properties
was observed, while the water absorption uptake increases
with lignocellulose contents, and the diﬀusion mechanism
of composites was observed to follow the Fickian law. Boris
et al. [19] examined the water adsorption characteristic
and diﬀusion mechanism of plaster Rhecktophyllum camerunense ﬁber composites. The result revealed that the initial
period kinetics adsorption increases steadily and begins to
undergo saturation after 28 hours and subsequently noticed
that the moisture diﬀusion mechanism does not follow
Fick’s law. Wang et al. [20] studied the inﬂuence of water
absorption and hygrothermal behaviour on mechanical
properties of polypropylene incorporated with wood powder. The results concluded that mechanical properties such
as tensile strength and modulus were reduced compared
with dry specimen. The diﬀusion mechanism of water molecules in composites was found to gradually increased and
obey the Fickian law. Stamboulis and Baillie [21] examined
the eﬀect of environmental degradation of ﬂax ﬁber and
reported that moisture absorption of Duralin ﬂax ﬁber was
reduced compared with untreated ﬁber with considerable
eﬀect on mechanical properties. The water uptake of ﬂax
ﬁber was 30% lower that of green ﬂax ﬁber. Thus, it is imperative to study the hydration phenomena of polypropylene
reinforced with Entada mannii ﬁber using the Fickian model
to predict water uptake and improve the bonding structures
with the matrix. However, Entada mannii plant is a liana
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plant and climber that entangles the trunk on their host.
The plant stem is structured with arrangements of ﬁber bundles within the bark stem [22]. The ﬁbers are twined around
the bark stem, which enhanced the bending and torsional
strength for the plant system. Equally, another important
feature of this plant is the supply of water through capillary
techniques to the upper part of the plant system. Hence, this
study is to explore this desideratum. Thus, to encourage the
large use of novel polymer composites in industrial and
domestic use, it is crucial to examine the eﬀects of moisture
absorption on mechanical properties of polypropylenebased composites. Similarly, it is vital to study the mechanism of water absorption by considering the kinetics of
moisture diﬀusion and their capillary transport of water
molecules into the polymer-matrix interface to produce
robust composite materials. Therefore, the aim of the
research work is to evaluate the water diﬀusion mechanisms
and water absorption characteristics on mechanical properties of polypropylene composites.

2. Materials and Methods
2.1. Materials. The materials utilized for this research are
polypropylene homopolymer density of 0.91 g/cm3 and melt
ﬂow rate of 250°C/2.10 kg; 500 g of maleic anhydride polypropylene MAAP granules was supplied by Safripol, South
Africa; 500 kg of Entada mannii ﬁbers was gotten from Ondo
state, Nigeria. Teﬂon sheets were used as releasing agent, and
distilled water was used as the aqueous medium for the
immersion test.
2.2. Methods
2.2.1. Extraction of Fibers. Fibers were extracted from the
ﬁber bundles by the conventional hand stripping method.
The extracted ﬁbers were collected and sundried for 2 days,
after which they were separated from foreign materials and
dried in an oven at 65°C for 24 hours to properly remove ﬁber
moisture. The Entada mannii ﬁber plant and hand stripped
ﬁbers are presented in Figures 1(a) and 1(b). The composites
fabrication is as presented in Figure 2 and Table 1 shows the
composites percentage variation and codes.
2.2.2. Treatment of the Extracted Fibers. The untreated ﬁber
was placed in a water bath containing 5% KOH and NaOH
solutions and treated at 50°C for 4 hours. The treated ﬁbers
obtained were deligniﬁed and later washed with distilled
water to remove the remaining alkaline present within the
ﬁber. The drying of the ﬁber was carried out in an oven at
65°C for 24 hrs and afterwards wrapped in plastic bags to
evade moisture absorption from the environment. The composition ﬁber constituents, lignin, hemicellulose, and cellulose presented in Table 2, were determined using the
neutral detergent ﬁber method as presented by Balogun
et al. [23].
2.3. Composite Production. The KOH- and NaOH-treated
ﬁbers weighed 1%, 3%, 5%, and 7% were chopped into
3 mm length and mixed with polypropylene and 5% MAPP
compatibilizers. These combinations were later dried in an
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(a)

(b)

Figure 1: (a) Distribution of Entada mannii ﬁbers. (b) Strands of Entada mannii ﬁbers.

(a)

(b)

Mixing of treated fiber + MAPP + PP

Compounding using twin screw
extruder

Composites
characterization
and mechanical
properties.

Fabrication of composites
using compresion
moulding
(c)

Figure 2: Fabrication of composites. (a) Raw Entada mannii ﬁber. (b) Crushed Entada mannii ﬁber. (c) Fabricated composite.

Table 1: Composites percentage variations and codes.
Composite variations (KOH and NaOH ﬁbers)

Codes
KOH NaOH

1wt. (%)
3wt. (%)
5 wt. (%)
7 wt. (%)
Pure PP

KA1
KA2
KA3
KA4
PP

NB1
NB2
NB3
NB4

air-circulated oven at 65°C for 4 hours to avoid moisture
absorption before extruded using Twin-Screw extruder
model TSJ-20B supplied by Nanjing Tengda Equipment
limited, China. During the extrusion process, temperature
was regulated to avoid ﬁber degradation (130°C-190°C) max-

imum temperature zones with die temperature (240-260°C)
and screw speed of 120 rev/min. Afterwards, the extrudate
was transferred to an industrial granulation to reduce the
ﬁber composites to dimensions of 2 mm to 4 mm, respectively. The granulated specimen was fabricated into sheets
dimensioning 150 mm × 150 mm × 4 mm using compression
moulding machine of pressure of 150 MPa at 190°C for 12
minutes to achieve the even distribution of the ﬁber in composite matrix. The developed composites were stored in an
oven at 60°C to avoid moisture contacts.
2.4. Determination of the Mechanical Properties of
Composites. The tensile test of both dry and wet composites
specimen was carried out on the Instron tensile testing
machine according to ASTM 680 D [24]. The Instron machine
with load cell of 15 kN at speed of 5 mm/min. The test was
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Table 2: Fiber constituents after chemical treatments.

Samples

Lignin

pH

% ash content

% cellulose

% hemicellulose

KOH-treated ﬁbers
NaOH-treated ﬁbers

10.55
9.29

6.73
7.45

5.9
4.35

67.87
54.79

31.36
40.88

carried out to determine both the tensile properties and modulus of elasticity of the composites. Six repeated samples of
150 mm × 20 mm × 4 mm were tested, and the average value
obtained was recorded. The composite impact test was performed on the Izod impact testing machine according to ISO
180 standard [25]. Composite specimen of dimension 10
mm × 5 mm × 2 mm notch was loaded on the impact testing
machine and struck by a pendulum head of 7.5 J at a speed
of 3.5 m/s. Six samples were performed concurrently, and the
average values were recorded. The hardness properties of the
composites were performed on the Brinell hardness testing
machine with an applied load of 10 N and measured 10 indentations on each specimen. The average indentation was calculated, and the average was recorded.
2.5. SEM of the Composites. The inﬂuence of water absorption on the specimen morphology was characterized by the
scanning electron microscope model JEOL JSM-7600F. Samples obtained from the tensile test was used to study the eﬀect
of moisture intake. The specimens were positioned in a vacuum compartment and layered with 100 A iridium JEOL
sputter.
2.6. Water Absorption Test. Water absorption test was carried
out in accordance with ASTM D570 [26]. Specimens
obtained from tensile tests were placed in an oven at 65°C
for 2 days. The specimen after drying was weighed, and the
initial value was documented. The soaking was done in puriﬁed water at 25°C, and the sample was later removed from
the moist environment and cleaned using a dried duster
and repeatedly weighed afterwards for period of 10 days.
The specimen was weighed periodically for 24 h intervals
and up to 216 h until the specimen reached saturation peak.
Conversely, the water absorption test for the polymer was
calculated using the equation (1).
W ð%Þ =

Wt − W0
× 100:
Wo

ð1Þ

Where W is percent water absorption, and Wo and Wt
are the ovendry weight and the weight of the specimen after
time t, respectively.
2.7. Kinetics of Diﬀusion Mechanism of Polymer Composites.
The diﬀusion mechanisms of water uptake were calculated
using the kinetic parameter slope (n) and intercept (k) by
using the following equations (2) and (3) [27].
MT
= KT n ,
M∞

ð2Þ

log

MT
= log ðkÞ + n log ðT Þ:
M∞

ð3Þ

Where M T is water absorption at time T, M∞ is water
absorption at saturation point, k is a constant related to the
polymer network structure, and n is the release exponent
which determines the type of diﬀusion.

3. Results and Discussion
3.1. Inﬂuence Moisture Absorption on Tensile Behaviour
Composites. The tensile properties of polypropylene composites reinforced with Entada mannii ﬁbers and pure PP are
presented in Figure 3. It is obvious that the tensile strength
of all developed composites is higher than pure PP. It is
equally observed that KA4 and NB4 (7 wt.% KOH and
NaOH) reinforced composites had the highest tensile
strength of 82.3 MPa and 74.45 MPa, respectively, and significantly increased by 58% and 55% with respect to pure PP.
This improvement is ascribed to the eﬀects of alkaline treatments which enhanced the removal of ﬁber components such
as wax, hemicellulose, and lignin causing poor ﬁber-matrix
interfacial bonding. Additionally, eﬀective stress distribution
from the matrix-reinforcement improved the interfacial
bonding strength of the fabricated composites [28]. The tensile modulus of ﬁber-reinforced composites and pure PP is
presented in Figure 4. It is observed that tensile modulus
decreases with an increase in ﬁber loading. This trend was
noticeable for all the reinforced composites attributed to relatively poor ﬁber-matrix interfacial adhesion causing the
reinforced polypropylene composites to absorb water than
unﬁlled counterparts [29]. It is also observed that the presence of microcracks generated within the composite interface
causes swelling stress by activating the capillary mechanism
through the matrix interface. However, these ﬁbers absorbed
the higher moisture content due to the hydrophobic nature
and subsequently attacked the bonding properties of the
polymer composites.
Furthermore, Table 3 presented the percentage reduction
in the tensile strength of all composites under wet and dry
conditions. It is observed that the tensile strength of all composites under wet condition was signiﬁcantly reduced compared with dry specimen. Among the fabricated
composites, both KA4 and NB4 had the highest percentage
reduction in tensile strength compared with other counterparts. This is credited to an increase in ﬁber volume causing
poor ﬁber-matrix bonding by creating interfacial stress and
higher diﬀusion of moisture into composites under wet conditions. Apparently, moisture intake aﬀects weak interfacial
adhesions between ﬁber and matrix resulting in low tensile
values of the composite [30]. The proportion of wetness
increases owing to the presence of hydroxyl group in Entada
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Figure 3: Comparison of tensile strength of reinforced composites and pure PP.
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Figure 4: Comparison of tensile modulus reinforced composites and pure PP.

mannii ﬁber which leads to higher aﬃnity for moisture
absorption and seemingly resulted in reduction in bonding
strength compared to pure PP. Generally, as the ﬁber volume
increases, the tensile behaviour of composites is expected to
decline due to an increase in the amount of water absorption
thereby causing the shear stress and increases the swelling of
the cellulose ﬁber [31].
3.2. Eﬀect of Water Absorption Properties on Impact
Behaviour of Composites. The impact strength of polypropylene composites reinforced with Entada mannii ﬁbers and
pure PP is presented in Figure 5. Experimental studies show
that the impact strength of all reinforced composites gradually decreases as the ﬁber weight increases with exception to
KA2 and NB3 composites, respectively. As the ﬁber weight
increases, reduction in impact strength is ascribed poor
ﬁber-matrix interfacial bonding within the composites. On
the other hand, both KA2 and NB3 had the best impact
strength as compared with other counterparts. This same
trend was observed by KA3 and KA4, respectively, with an
increase in ﬁber loading. The improvement is largely attributed to the uniform distribution of the ﬁbers with the matrix
interface which facilitates composites ability to withstand
shear stress compared to pure PP. Table 4 illustrates the percentage reduction in the impact strength of reinforced composites and pure PP under dry and wet conditions. The

results show that the impact strength of all reinforced composites was observed to drop under wet condition as compared with dry condition. On the average, KA4 and NB4
composites had a higher aﬃnity to absorbed moisture and
experienced a higher percentage reduction in impact strength
as compared with other counterparts. This implied that an
increase in ﬁber weight of the composites is attributed to a
higher aﬃnity to absorb moisture than pure PP [32]. Equally,
the presence of voids created within the composite interface
allows water molecules to eﬀortlessly penetrate into the
ﬁber-matrix interface.
3.3. Hardness Properties of the Composites. The hardness
properties of polypropylene reinforced with Entada mannii
ﬁbers and pure PP are presented in Figure 6. The results
revealed that the hardness properties of all composites
increase with ﬁber weight percent. Among the fabricated
composites, KA4 composites and NB4 composites had the
best hardness values increase by 48% and 44% as compared
with pure PP. The increase in hardness values is ascribed to
the even distribution of the ﬁbers in the matrix interface
which increases the composite stiﬀness. However, this
improvement moderates the composites and impinges the
crack growth when load is applied. The comparison results
of the hardness test under wet and dry conditions are presented in Table 5. The results indicated that under wet
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Table 3: Comparison of tensile strength and modulus of elasticity of polypropylene composites under wet and dry conditions.

Composites
codes

Dry specimen

% reduction in tensile
strength

Wet specimen

Tensile strength
(MPa)

Tensile Modulus
(GPa)

Tensile strength
(MPa)

Tensile Modulus
(GPa)

50.52
59.81
69.90
82.30
55.98
64.47
54.53
77.45
34.3

1.558
1.486
1.342
1.179
1.559
1.448
1.374
1.298
1.051

45.1
53.03
65.9
68.35
50.05
56.38
44.22
60.23
32.5

1.122
1.235
1.356
1.456
1.095
1.197
1.298
1.134
1.102

KA1
KA2
KA3
KA4
NB1
NB2
NB3
NB4
PPP

10.7
11.3
14.3
17.0
10.0
12.5
18.9
19.1
5.2

90
Impact strength (kJ/m2)

80
70
60
50
40
30
20
10
0

KA1

KA2

KA3 KA4 NB1 NB2 NB3
Composites variation (wt%)

NB4

PP

Figure 5: Comparison of impact strength of KOH- and NaOH-treated ﬁber-reinforced composites and pure PP.

Table 4: Comparison of Impact strength of polypropylene
composites under wet and dry conditions.

Composites
code
KA1
KA2
KA3
KA4
NB1
NB2
NB3
NB4
PPP

Dry
specimen
Impact
strength
(kJ/m2)

Wet
specimen
Impact
strength
(kJ/m2)

% reduction in
impact strength
(kJ/m2)

45.52
69.81
62.90
57.50
50.30
45.53
74.67
40.70
28.30

44.93
65.32
57.61
50.23
46.73
42.44
70.22
35.30
27.12

7.8
6.4
5.2
12.6
7.1
6.7
5.9
13.2
4.2

condition, slight reduction in hardness properties was
observed for all the fabricated composites as compared with
dry condition. However, the percentage reduction in hardness properties was higher with KA4 and NB3, respectively,
compared with dry specimen. Equally, the percentage reduc-

tion in hardness properties of KOH polypropylene composites was improved than NaOH polypropylene composites
owing to the eﬀective removal of wax and impurities. This
also enhanced the physicochemical properties and interfacial
adhesion between the ﬁber and matrix and prevents water to
penetrate into the composites.
3.4. SEM of the Composites after Water Absorption. The SEM
analysis of polypropylene composites reinforced with KOH
and NaOH ﬁbers under wet conditions is presented in
Figures 7 and 8. With respect to Figure 7, the result revealed
that the fractured surface of KA1, KA2, and KA4 composites
was characterized by ﬁber pullout and ﬁber debonding,
respectively, with higher moisture uptake until saturation
point is achieved. Apparently, higher ﬁber pullout was
observed with KA4 composites with 7% ﬁber weight
absorbed moisture due to feeble bonds that exist within the
composites which create cracks and composites delamination [31–33]. As a result of continuous swelling of composites with ﬁber weight increases, composites subjected to
mechanical loading were observed to fracture at lower values
as shown in Table 3. Consequently, as the composites are
continuously exposed to the moisture, it is observed that
higher cellulose in the ﬁber absorbed water and undergo
matrix yielding due to the expansion of shear stress at the
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Figure 6: Comparison of Hardness properties of KOH and NaOH treated ﬁber-reinforced composites and pure PP.

Table 5: Comparison of Hardness properties of polypropylene
composites under wet and dry conditions.
Composites
codes
KA1
KA2
KA3
KA4
NB1
NB2
NB3
NB4
PPP

Dry specimen Wet specimen
Hardness
% reduction in
Hardness
properties
impact strength
properties(BHN)
(BHN)
6.40
5.56
7.32
10.2
3.72
4.53
4.67
7.67
4.3

4.90
4.39
6.10
7.52
2.78
3.44
3.26
5.67
3.80

23.4
21.0
16.6
26.3
25.3
24.1
30.2
20.1
11.6

ﬁber-matrix boundary interface as shown in Figure 8. The
continuous exposure of NB1 and NB4 composites to moist
environment damages the structural integrity and increases
ﬁber pullout and composites delamination [34, 35]. This
explained the lower mechanical properties of the wet samples
as compared with the dry specimen in Table 3. However,
homogeneous surface was observed with NB2 ﬁberreinforced composites as compared with other counterparts.
3.5. Water Absorption Behaviour of Composites. The water
absorption plot of KOH-treated ﬁber-reinforced composites
and pure with respect to time is presented in Figure 9. Evidently, the amount of moisture absorbed for all composites
increases with an increase in weight percent and time attaining the saturation peak level. It is observed that KA4 had the
highest weight gain under the wet condition followed by KA2
and least with the pure PP. This could be credited to an
increase in ﬁber weight percent and reduction in ﬁbermatrix bonding which triggered the behaviour of reinforced
polymer composites to absorbed water than the pure PP
counterparts [36]. Additionally, moisture absorption of the
ﬁber after treatment increases with the KOH-treated com-

posites created pores and damages the ﬁber surface by exposing the ﬁber surface area compared to pure PP. Similar work
was studied by [37], on the impact of banana ﬁber treatment
on mechanical epoxy composite. Their ﬁndings show that
after the alkali treatment of the banana ﬁber composites,
moisture absorption increases with ﬁber contents. Hence,
this suggested that the Entada mannii ﬁber-reinforced composites are more hydrophilic in comparison to pure PP which
is hydrophobic. Conversely, the addition of 5 wt.% MAPP
compatibilizers reduces the ﬁber contact with water ascribed
to chemical bonding between MAPP and cellulose [38]. It is
evident that the water absorption increase with immersion
time for all the composites and attains equilibrium after 10
days (216 h), referred to as the water absorption saturation
point.
The water absorption characteristics of the polypropylene composites reinforced with NaOH treated and pure PP
are presented in Figure 10. Obviously, the rate of moisture
absorption of NaOH treated composites was intensiﬁed with
increasing ﬁber loading as compared with pure PP. It is
observed that NB4, NB3, and NB2 composites experienced
the highest moisture uptake owing to higher cellulose content
that has a higher aﬃnity to absorbed moisture as compared
with pure PP. However, this implied that as the ﬁber weight
increases, Entada mannii ﬁbers have prospects to absorbed
moisture contents after chemical treatment causing incomplete dissolution of hemicellulose and intensify cellulose contents [39, 40]. Additionally, after treatment ﬁber surface is
exposed, ﬁbrillar structure was altered causing poor ﬁbermatrix interfacial adhesion under wet conditions as compared to pure PP [41]. A saturation point was attained after
10 days of immersion for both NaOH treated and pure PP.
3.6. Water Diﬀusion Mechanism in Composites. The comparison of log (M T /M∞) versus log (T) of the KOH- and
NaOH-treated ﬁbers composites with slope (n) of composite diﬀusion mechanism is presented in Figures 11 and 12.
Accordingly, during the diﬀusion process, moisture
absorption trend ﬁtting into the Fickian diﬀusion mechanism curve as presented in Figures 11 and 12, the process
could be considered as the Fickian diﬀusion process [42].
Equally, while the amount of ﬂow of the water molecules
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Fiber debonding

Fiber pullout

(a)

(b)

Fiber pullout

(c)

Figure 7: SEM images of the KA1, KA2, and KA4 KOH-treated ﬁber composites.

Matrix yielding

Fiber pullout

(a)

(b)

Pores

(c)

Figure 8: SEM images of NB1, NB2, and NB4 NaOH-treated composites.

in the composites is considerably lesser than the composite
sectional movement, the Fickian diﬀusion mechanism
(Case I) is said to be established [43]. During the diﬀusion
process, the slope of the mechanism determined n = 0:5 is
not time dependent, and hence, the composite diﬀusion
rate is exceptionally obtained [43, 44]. Subsequently, for
the Case II diﬀusion mechanism, the level of n = 1:0 which
speciﬁes the diﬀusion procedure is faster than the moder-

ation route (Rdiff £Rmod , system measured by relaxation),
this process described the improvement of the border
between the enlarged external portion and the internal
slippery core of the composite [44, 45]. The borderline
progresses at a steady speed, and the core reduces in
dimension pending a stable saturation level is accomplished within the composite [46]. 0:5 < n < 1:0 indicated
the non-Fickian (anomalous) diﬀusion mechanism of the
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Figure 9: Water absorption tests for KOH-treated reinforced
composites and the pure PP.
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Figure 10: Water absorption tests for NaOH-treated composites
and the pure PP.
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II the kinetic of the diﬀusion mechanism of the composites is obtained when the value of n > 1. Additionally,
when n < 0:5, the potential of attaining moisture ﬂow rate
is much lesser that the polymer chain reduction rate, and
thus, the process obeyed a less Fickian mechanism. However, KA1 and NB1 polymer composites in Figures 10
and 11 display a transitional characteristic mechanism
between the Fickian and non-Fickian diﬀusion, notably
for the diﬀusion movement and polymeric division relaxation point. Consequently, it is noted that as the weight
fraction of moisture uptake increases, the ﬁber volume
fraction increases payable to the elimination of ﬁber components that covered the ﬁber interface and subsequently
increases the cellulose content [47]. Conversely, the diﬀusion coeﬃcients (n) of KA2, KA3, NB4, and KA4, respectively, had their slopes approximately 1.0 or higher. This
speciﬁed that the diﬀusion mechanism obeyed the super
Case II, while the rate of water molecules penetrates the
composites exceeded the relation process. Hence, it is evident that as the water absorption rate increases, the value
of the diﬀusion exponent also increases. It can therefore be
said that the volume of moisture absorbed by the composites is proportional to the diﬀusion exponent (n) and
hence inﬂuences the diﬀusion transport mechanism [48].
The transport mechanisms of all the polymeric composites are presented in Table 6, while values of slope n
and intercept k calculated from equations (2) and (3) are
determined from the graph in Figures 11 and 12, respectively. Similarly, the means of water delivery mechanism
of the Entada mannii composite is presented in Table 7.
Of all the composites produced, it is evident that values
of the diﬀusion coeﬃcient (n) for both NB2 and PPP
composites in Table 7 are considerably less than 0.5 which
means that the transport mechanism is less Fickian. Thus,
the rate of water dispersion is considered to reduce
beneath polymer chain relaxation [49]. The water absorption arrangement of the composites exhibited Fickian
behaviour, and on the other hand, as the immersion time
increases, composites were observed to follow a nonFickian behaviour. The value of n for the NB3-treated
ﬁber-reinforced composite was found to be 0.5. This indicates that the ﬂow of dispersion of water molecules in
treated composite is much lesser than sectional movement
due to the alkaline treatment of the ﬁber [50].

–2
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4. Conclusions

–3
Log T
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Figure 11: Diﬀusion mechanism curve for KOH-treated
composites and the pure PP.

composites, which deﬁnes conditions where the diﬀusion
and relaxation proportions are equal (Rdiff ≈ Rrelax ). Consequently, a transitional performance between the Fickian
and non-Fickian diﬀusion was observed [36]. Super Case

The inﬂuence and eﬀects of water absorption characteristic
on polypropylene composites reinforced with Entada mannii
were investigated. The results show that
(i) The tensile strength and tensile modulus of reinforced composites and pure PP were considerably
improved as the ﬁber loading increases. The 7 wt.%
composites (KA4 and NB4) ﬁber were observed to
follow a consistent trend and had the highest tensile
strength and tensile modulus as compared with pure
PP

International Journal of Polymer Science

Log MT/Log M∞

10
0.2
0
–0.2 0
–0.4
–0.6
–0.8
–1
–1.2
–1.4
–1.6
–1.8

0.5

1

1.5

2

2.5

Log T
NB1
NB2
NB3

NB4
PPP

Figure 12: Diﬀusion mechanism curve for NaOH-treated composites and the pure PP.

Table 6: Moisture contents values obtained for the composites.
Composition
Pure PP
KA1
KA2
KA3
KA4
NB1
NB2
NB3
NB4

Slope (n)

Intercept (k)

R2

0.313
0.707
1.334
1.929
2.269
0.734
0.466
0.502
1.616

0.759
1.730
3.346
4.631
5.763
1.752
1.130
2.433
3.835

0.921
0.976
0.971
0.964
0.962
0.985
0.960
0.970
0.921

Table 7: Water transport mechanism for produced composites.
Slope (n)

Time dependence

Composites

% range of water absorptions

Less Fickian diﬀusion

Type of transport

n < 0:5

t-1/2

NB2, pure PP

0-0.6

Fickian diﬀusion

n = 0:5

1/2

NB3

1.70-2.80

n-1

0:5 < n < 1:0

t

KA1, NB1

3.5-7.8

Case II transport independent

n = 1:0

Time

KA2, NB4

2.89

Super Case II transport

n > 1:0

n-1

KA2, KA3, KA4, NB4

3.5-7.8

Non-Fickian (anomalous diﬀusion)

t
t

(ii) The addition of Entada mannii ﬁber reduces the
impact strength of the developed composites with
exception KA2 (3 wt.% KOH) and NB3 (5 wt.%
NaOH), respectively. A progressive increase in hardness properties of the fabricated composites with the
addition of Entada mannii ﬁber as compared with
pure PP. However, KA4 and NB4 composites had
the highest hardness values increase by 48% and
44% as compared with pure PP

(iv) As the ﬁber loading increases, the amount of water
absorption also increases for all the reinforced composites and pure PP composites. Among the fabricated composites, 7 wt.% (NaOH and KOH) had
the highest value of water absorption percentage
compared with pure PP. On the other hand, with less
free volume in the pure PP, the rate of water penetration into the composites is negligible as related with
the reinforced polypropylene composites

(iii) SEM analysis revealed that polypropylene reinforced
composites under wet condition was characterized
by ﬁber pullout, debonding, and composites delamination in comparison with pure PP

(v) All the composites followed the forecasted Fick’s law
where the amount of water absorbed increases linearly and progressively level oﬀ after saturation level
is reached
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