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Abstract

There is a growing interest on recycling of waste fibres as an alternative to landfill disposal. The aim of the study was to
investigate the durability and mechanical properties of waste paper—cement composite panels reinforced with varying kenaf
fibre content (FC, 2—10%). The panels produced were evaluated for properties including modulus of rupture (MOR) and
apparent modulus of elasticity (MOE). The resistance of the panels was tested in the field for both termite damage and fungi
decay for a period of 24 weeks. Accelerated decay test was also performed on selected samples. The results showed that the
mean MOR ranged from 3.17 MPa for samples with 10% FC to 4.84 MPa for samples with 8% FC. The mean MOE ranged
from 248 MPa for samples with 10% FC to 1298.1 MPa for samples with 8% FC. Statistical analysis showed that the effect
of the fibre content was significant on the properties evaluated (p < 0.05). The study concluded that the optimum fibre con-
tent for improving the strength and physical properties of paper—cement composites in a ratio of 1:1 (w/w) using kenaf as

reinforcing fibre is 8%. The panels were highly resistant to both termite and fungi attack for the study duration.
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Introduction

Fibre-reinforced cement composites, as a building material,
is not a novel subject. In prehistoric times, natural fibres
were used to reinforce clay bricks, and since mid to late
twentieth century, different materials made from natural
fibres and cementitious materials have been produced. Natu-
ral fibres are regarded as important alternative to synthetic
fibres such as asbestos, glass, carbon and aramid [1]. Since
the last decades, composite boards produced with asbestos
fibres have been replaced due to the health hazards associ-
ated with such fibres. In a world driven by change, research-
ers are taking considerable efforts to develop building panels
that are cost-effective and environment friendly. One of the
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main drivers is to find new ways of utilizing natural fibres
for composite production, which in turn could increase the
applicability of bio-based panels. Natural fibres from differ-
ent plants including bagasse, rice husk, kenaf and coir have
been studied in bio-based composites [2—4]. Similarly, the
potentials of pulp fibres and paper sludge in cement compos-
ites have been studied [5, 6], and is still the subject of many
studies directed toward beneficial uses of waste paper fibres.

Paper production and recycling generate substantial
amount of waste fibres, which can be utilized in value-
added manufacturing. During paper recycling, the length
and strength of fibres decrease due to degradation, thereby
making recycled fibres unsuitable as raw materials for
papermaking [7]. Alternatively, the recycled fibres can be
used in the production of activated carbon, which is use-
ful in environmental protection and water purification [7].
Waste fibres have been used to reinforce plastics, cement
and other hydrophobic polymers, and there has been an
increased effort towards promoting a circular bioeconomy
by recycling these materials in new composite products [8,
9]. The use of waste fibre-reinforced composites in housing
construction will not only alleviate the pressures of over-
exploitation of plant-based fibres, but also serve as avenues
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for the utilization of abundant waste fibres generated in
paper recycling mills [10].

Natural fibre composites will continue to gain industrial
interest due to their design flexibility and structural applica-
tions [11], as well as biological and environmental durability
[12]. The incorporation of natural fibres in cement matrix
will continue for a long time because the fibres are renewa-
ble, affordable, elastic and have low production energy, mak-
ing them good materials for the reinforcement of cement-
based composites [13, 14]. Natural fibres in cement matrix
influence most of the mechanical properties of the compos-
ites, but may pose a serious drawback due to degradation in
alkaline cement. Occasionally, fibres inhibit the setting of
cement and invariably affect the properties of the composites
[15]. This limitation is due to the natural incompatibility
between hydrophilic biomaterial and hydrophobic cement.
Another drawback of natural fibres in cement is the presence
of hydroxyl groups on the surface of fibres, which affects the
dimensional stability of the composites. These limitations
can be carefully controlled, and many treatment methods
have been extensively reviewed [2, 16—19]. It was concluded
that the modification of fibres results in improved surface
properties and reduced hydroxyl groups, thereby enhancing
the properties of the composite material. Similarly, the use
of cement setting accelerators, which reduces the hydration
time of cement has been reported to yield good results [2,
15, 20].

Generally, fibre cement composites are resistant to rot
and termite attack [21, 22]. However, with prolonged expo-
sure to environmental factors, the durability of the materials
is of important consideration [23]. The fibres may absorb
water and swell, and then rotting occurs by fungal attack
[24, 25]. Similarly, termites may attack cellulose and other
components in weathered wood based cement composites
[22, 26]. These attacks may cause discolouration, reduction
in strength and structural failure. Many of the studies on
the effects of fungi and termites on natural fibre composites
were conducted in laboratory conditions, which sometimes
may not predict the actual performance of the materials in
the field. Secondly, the selected strains of fungal and termite
species for laboratory studies may not even be present in
the field, and where applicable, potency may be affected
in lab conditions. Azrieda et al. [27] reported that the most
acceptable scientific study in evaluating the durability of
wood-based materials is by the graveyard test, where the
materials are partially buried and durability rating is meas-
ured by the length of time the material remains unaffected.
Therefore, an on-site assessment of the potential effects of
these biotic factors is important to evaluate the durability of
composite materials that are targeted for field applications.
There are very few literature on weathering performances of
waste paper composites, and none of the studies investigated
biological attacks on waste paper—cement composites. This

study evaluates the effect of fungi and termite exposure on
waste fibre composites. Therefore, the study is imperative
to evaluate the properties and durability of paper—cement
composites for use as outdoor wall claddings in a research
arboretum.

The rationale for the study was to explore the high vol-
ume of waste paper in the manufacturing of value-added
products, and to investigate the effect of vegetable fibre addi-
tion on the durability of recycled paper—cement composites.
Kenaf bast fibres (Hisbiscus cannabinus) were selected to
be used as reinforcement in the paper—cement composites.
The basis for this selection was due to the results obtained
when kenaf fibres were used to reinforce cement matrix in
previous study [2]. This study seeks to determine the opti-
mum amount of kenaf fibre that yields the best mechanical
performance in the composites. A cement setting accelera-
tor was used to reduce the effect of the fibres in the matrix
as observed by Amiandamhen et al. [2]. Since the panels
will be used in the field as non-load-bearing structures, it is
important to evaluate some properties of the panels, which
are likely to be affected by prolonged weather exposure. In
addition, the presence of natural fibres and waste paper in
the cement matrix poses a structural concern with long-
term durability. This study thereby evaluates the flexural
and physical properties, as well as the termite damage and
fungal decay resistance of the composite panels.

Materials and methods

The kenaf bast fibres (Fig. 1) used in this research were
obtained from the Institute of Agricultural Research and
Training (IAR&T), Moor Plantation, Ibadan. The waste
papers were sourced locally from a recycling mill, while
the Portland cement (Type I) was purchased for the study.
The waste papers were soaked in water for about 48 h. The
wet papers were shredded and sun dried for about 6 h. There-
after, the papers were pulverized into sizes of 2-3 mm, and
air-dried for 24 h. The dried pulverized papers were mixed
with cement based on the design proportions. Kenaf fibres
and water containing dissolved calcium chloride salt (CaCl,)
were also weighed and added to the mix. 3% CaCl,, based on
the weight of cement, was dissolved in 432.36 ml of water
and used as cement setting accelerator. The amount of water
added to the mix was adapted from previous studies [2]. The
ratio of cement and wastepaper was kept constant (1:1 w/w)
for all composite boards produced. The selected ratio was
based on the results from preliminary experimental design,
and it was aimed at utilizing as much paper materials as
technically feasible. The kenaf fibre content was varied from
2,4, 6, 8 and 10% in the paper—cement composite. These
percentages were based on the dry weight of the board (see
Table 1). The fibres were cut into sizes of 3—5 cm. This was
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Fig. 1 Kenaf bast fibres: a
whole length fibres, b cut and
treated fibres

Table 1 Mean values and Fibre content (%) Fibre mass (g) MOE (MPa) MOR (MPa) 1B (MPa)

multiple range test for

mechanical properties of the Control Control 621.1+£489.0 3.88+1.94 0.021°+0.04

composite samples 2 441 549.8%+85.61 3.40+0.07 0.071°+0.01
4 220.5 429.1°+150.44 3.29+0.98 0.082°+0.01
6 147 671.1%° +890.02 3.79+0.11 0.084°+0.02
8 1103 1298.18+5.12 4.84+0.81 0.12*+0.05
10 88.2 248.0°+392.49 3.17+143 0.02°+0.03

Each value represents mean data of three replicates with standard deviation

Means in the same column with the same superscript are not significantly different (p <0.05)

done to avoid balling problems during mixing and to facili-
tate homogenous mixing of the materials [2]. The materials
were mixed in a mechanical mixer. The slurry produced was
poured in a wooden mould measuring 350 mm (length) X
350 mm (width) and pre-pressed. The wet board formed was
then pressed at a pressure of 1.23 MPa to a final thickness of
6 mm using the hydraulic press. After 24 h, the boards were
demoulded and cured for 28 days in ambient conditions. The
target board density was 1.2 g/cm?.

Board tests

The boards were trimmed to avoid edge effects and were
cut into test sample sizes of 150 X 50 X 6 mm according
to the ASTM standard [28]. The samples were conditioned
at 20 °C and 65% relative humidity (RH) for 96 h before
testing. The boards were tested for mechanical properties,
dimensional stability as well as termite and fungi resist-
ance. The mechanical properties evaluated were modulus
of rupture (MOR), apparent modulus of elasticity (MOE)
and internal bond strength (IB). Three samples were ran-
domly selected from the boards for different fibre contents.
Three-point flexural test was carried out using a universal
testing machine at cross head speed of 5 mm/min. MOR
and MOE were derived from the flexural test as described
in ASTM [28]. IB was conducted using 50 X 50 mm square
samples glued to aluminium blocks and tested according to
the ASTM procedure [28]. The physical properties evaluated
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include water absorption (WA), thickness swelling (TS) and
linear expansion (LE). Samples were tested for dimensional
stability after 24 h water submersion. Three test samples
measuring 50 X 50 mm were randomly selected from the
boards for each test. Increase in weight and dimensions of
the samples after 24 h submersion was calculated based on
the relationship in ASTM [28]. After outdoor exposure to
fungi and termite damage, mechanical properties were tested
to evaluate the possible effects of such exposure on the panel
strength.

Fungi decay and termite damage test

Fungal decay test was carried out in the field, the so-called
graveyard test. Samples were partially buried in decaying
organic soil with reported fungal activity including the
dematiaceous mould (Chaetomium globosum, Kunze ex
Fr.). This saprophytic fungus primarily resides in soil and
decaying humus. It causes soft rot and decomposes plant
cells using hyphal cellulase activity, which performs best
at high tropical temperatures [29]. The fungus also changes
the colour of paper. Samples were observed for the presence
of fungal hyphae or discoloration. This test was conducted
since the samples consisted of papers and plant fibres, which
are likely to be affected in the presence of moisture and soil
nitrogen. The test was necessary because the composite
materials will be used in application directly in ground con-
tact at the location of the test site. The test samples were
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observed for a period of 24 weeks. Accelerated decay test
was also conducted on the samples with the best mechanical
property. Pure strains of the brown rot fungi (Coniophora
puteana) and white rot fungi (Trametes versicolor) growing
on malt agar were collected. Ten replications per fungal test
and ten control samples measuring 25 X 25 mm were used
for the study. The samples were kept in a sterilized chamber
prior to the decay tests. For the test, the samples were placed
on sterile supports in a jar containing the fungi. Then they
were incubated for 12 weeks at 20 °C and 80% RH. After
incubation, the samples were removed, cleaned and con-
ditioned to constant weight. The average weight loss was
expressed as a percentage of the initial weight of the sample.
The average weight loss was thereafter corrected using the
weight loss of the control sample to give the average cor-
rected weight loss. Termite damage test was carried out in
the proximity of the arboretum, in an active termite mound.
Termite mounds are characteristics features of African
savanna and woodlands, and are important to the ecological
processes [26, 30]. The genus Macrotermes are responsi-
ble for large-scale damage to residential buildings and farm
structures [22]. They decompose plant materials indirectly
by the action of a basidiomycete fungus [31]. Samples were
inserted into the mound and were observed for termite dam-
ages including galleries. This test was assessed for a period
of 24 weeks.

Data analysis

The experiment was arranged in a completely randomized
design (CRD) with five treatment levels representing the
fibre contents and a control, each with three replicates.
Analysis of variance procedure was conducted to analyse
the effect of the fibre contents on the mechanical properties
of the boards. Duncan’s multiple range test (DMRT) was
used in the separation of means where significant differ-
ences occurred.

Results and discussion
Effects of fibre content on mechanical properties

The mean values of modulus of rupture (MOR), apparent
modulus of elasticity (MOE) and internal bonding (IB)
of the samples with different fibre contents are presented
in Table 1. The samples with 8% fibre content had the
highest strength property with values of 4.84, 1298.1 and
0.12 MPa for MOR, MOE and IB, respectively. This was
followed by samples with 6% fibre content for all meas-
ured strength properties. A similar trend in mean strength
values was observed for both MOR and MOE. As the
fibre content increased, the strength properties decreased

slightly, and increased at 6% fibre content. The maximum
strength property was achieved at 8% fibre content for all
measured properties. Thereafter, addition of fibres above
8% caused a decrease in the strength properties of the
samples. The high strength values of samples containing
8% fibre content was possibly due to good distribution of
fibres within the matrix and good interfacial bonding in
the composite material.

Samples with 10% fibre content had the lowest mean
strength values of 248, 3.17 and 0.02 MPa for MOE, MOR
and IB, respectively. This was evident from the brittle
nature of the samples prepared with 10% fibre addition.
The low strength values at 10% fibre content could be due
to poor distribution of fibres within the matrix, because of
the difficulties that were encountered during mechanical
mixing of the fibres, papers and matrix. The inadequate
mixing resulted in poor uniformity in the composites, poor
interfacial adhesion and ultimately low strength properties.
Mohr et al. [32] reported an increase in all strength proper-
ties with increasing fibre content. However, compressive
strength and toughness were adversely affected due to dif-
ficulties in compaction caused by increased fibre content
[33] and degree of alignment of the fibre in the matrix
[34]. Thus, with increased fibre content, proper alignment
provides better results in strength properties. The mean
IB values of the samples increased with increasing fibre
contents, with the exception of samples made with 10%
fibre content. However, the control sample and the sample
containing 10% fibre content had the lowest mean IB value
of 0.02 MPa. This could possibly be due to lack of fibre
reinforcement in the control and in the poorly distributed
samples. It can be stated therefore, from the result of this
study, that the optimum fibre content required for improv-
ing the MOR, MOE and IB strength of paper—cement com-
posite boards in a 1:1 (w/w) ratio is 8%. Coutts [35] also
reported that the optimum fibre content in a fibre cement
composite for improving the flexural strength and tough-
ness was between the range of 8—12%. Similarly, Oladele
et al. [36] observed that the optimum fibre mass fraction
for strengthening wastepaper—cement composite ratio
of 1:3 using natural sponge fibre was 4%. The analysis
revealed that the effect of the fibre content was significant
on the MOE and IB of the boards (Table 2).

Table2 Analysis of variance procedure for mechanical properties of
the samples

MOR MOE IB
F value 2.46 3.95 11.36
p value 0.0940 0.0238 0.0003
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Effects of fibre content on physical properties

The mean values of water absorption (WA), thickness
swelling (TS) and linear expansion (LS) of the samples
after 24 h water submersion are presented in Table 3. The
control samples had the lowest WA with a mean value
of 47.59%. The high WA in samples with 10% fibre con-
tent was likely due to the high fibre content in the board.
The boards produced with 10% fibre content also had
the highest TS and LE with mean values of 20.37 and
7.71%, respectively. As the amount of fibre in the com-
posite increases, there is an increase in the polar hydro-
philic group, which increases the WA of the material. As
WA increases, TS and LS also increase. In addition, the
poor fibre distribution and weak interfacial bonding, owing
to the difficulty in mixing high proportion of fibre and
paper—cement, resulted in porous composite boards. This
inevitably affected the dimensional stability of the boards.
Other studies also reported a similar relationship between
high fibre content and dimensional stability in cement-
bonded composites [1, 2, 36, 37]. The samples with 6%
fibre content had the lowest TS, while samples with 4%
fibre content had the lowest LE of 9.39 and 5.11%, respec-
tively. Generally, all the samples absorbed more water
after 24 h submersion than the minimum requirements for
cement-bonded particleboard [38]. This was possibly due
to the paper material, which was used in a 1:1 ratio with
cement. The result of the analysis of variance showed that
the fibre content had a significant effect on the WA and LE
of the boards, p <0.05 (Table 4).

Table3 Mean values and multiple range test for physical properties
of the composite samples

Fibre content (%) WA (%) TS (%) LE (%)

Control 47.59°4291 11.74+3.40 5.61°+0.99
2 57574390 9.74+3.63  5.19°+3.10
4 58.36°+10.80 9.83+5.68  5.11°+1.93
6 54.84*+364  9.39+4.28 5.95%+1.85
8 51.99%+425 9.93+448  5.13°+041
10 76.10°+1.85 20.37+7.09 7712 +0.64

Each value represents the mean data of three replicates with standard
deviation

Means in the same column with the same superscript are not signifi-
cantly different (p <0.05)

Table4 Analysis of variance procedure for physical properties of the
samples

WA TS LE
F value 9.91 2.08 3.56
p value 0.0006 0.1381 0.0332
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Durability properties

The durability of the composite samples in the field was
assessed for fungal decay and termite damage. This test was
necessary to evaluate the long-term structural durability of
the composites in outdoor applications. Visual examination
revealed that the samples were highly resistant to fungal
decay, since the partially buried samples showed no sig-
nificant fungal activity after a 24-week exposure period.
However, small dark stains were observed on the surface
of the samples, which were probably due to dark stain fun-
gus (Fig. 2b). Accelerated decay test was also conducted on
the samples with the best mechanical properties, i.e. sam-
ples with 8% fibre content. Examination after a 12-week
exposure also revealed a strong resistance to both brown
and white-rot fungi, with no visible fungal activities. Okino
et al. [21] reported that cement-bonded particleboards, after
a 12-week accelerated decay test, were resistant against the
brown-rot fungus Gloeophyllum trabeum (Persoon ex Fries.)
Murrill, and the white-rot fungus Trametes versicolor (Lin-
naeus: Fries) Pilat. However, there was a slight presence of
mycelium observed on the surface of the composite boards
[21]. In another study, Shirakawa et al. [24] found that cer-
tain group of fungi contributed to darkening of fibre cement
boards, owing to their mode of attack and the brown to
black colour of their hyphae or spores. Decay resistance of
the selected samples was expressed based on their average
weight loss after the incubation period (Table 5). The aver-
age weight loss was corrected using the weight loss of the
control sample to give the actual weight loss caused by the
fungal exposure. It was observed that samples exposed to
white-rot fungus had some weight gain, probably due to nat-
ural carbonation of cement. All the tested samples showed
high resistance to fungal attack, with very little changes in
sample weights after incubation. Based on ASTM classifica-
tion of wood decay resistance expressed as weight loss [39]
(Table 6), all samples were classified as highly resistant.
There are other classification systems, which are not appli-
cable to this study. The natural durability of wood can be
based on the average service life of test samples subjected
to graveyard test [27]. Similarly, the durability of wood after
16-week accelerated fungal decay test is classified within a
five-grade scale using the X-value classifications according
to EN 350-1 [40].

The tested samples were highly resistant to termite dam-
age within a test duration of 24 weeks (Fig. 2d). This clas-
sification was based on the visual examination procedure
reported by Garcia et al. [22]. According to this classifi-
cation, termite damage was arbitrarily rated between 0 (no
attack—highly resistant) and 100% (severely attacked—not
resistant). In their study, wood cement boards exposed in the
field were highly resistant to termite damage over a period
of 5 years [22]. Other studies reported varying resistance
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Fig.2 Durability test: a
graveyard test, b samples with
fungi stains after graveyard test,
c field termite damage test, d
samples after termite damage
test

Table5 Average weight loss of the samples after 12-week acceler-
ated decay test and control samples

Average weight loss (%)

Samples Brown-rot White-rot
Exposed samples 1.47 (1.76) —1.21 (1.03)
Control samples 1.29 (1.62)

Each value represents the mean data of 10 replicates with standard
deviation in parenthesis

Table6 Class of wood decay resistance expressed as either weight
loss or residual weight [39]

Average weight loss ~ Average residual Class resistance

(%) weight (%)

0-10 90-100 Highly resistant
11-24 76-89 Resistant

25-44 56-75 Moderately resistant
45 or above 55 or less Slightly resistant or

non-resistant

to subterranean termites, both in laboratory conditions and
actual field exposure. It was reported that the overall resist-
ance of cement boards to damage depends on the natural
durability of the materials, fibre modification if any, and
the type of cement used [22, 41, 42]. The high resistance

observed in this study could be attributed to the composite
materials such as calcium chloride (CaCl,) and silica (Si0,),
which are intolerant to termites and fungi. In addition, the
alkalinity of cement matrix inhibits the deterioration of fibre
cement products by fungi and termite [21, 43]. It can be
argued that the durability of the cement composites in this
study is not a function of the duration of exposure of the
samples. Cement composites are durable for longer peri-
ods and losses in strength due to weathering are offset by
strength gains due to age-related hardening (carbonation) of
cement [44]. According to Shirakawa et al. [24], bio-deteri-
oration is not a major problem in fibre cement technology,
since fungi and termite do not cause significant deterioration
even after accelerated carbonation of composites.

The mechanical properties evaluated after the fungal
exposure period revealed strength losses among all tested
samples. This could be due to the terminal effect of fungi on
the structural performance of the panels. The panels exposed
to fungi were selected for the test, as the panels were resist-
ant to termite damage. The MOE for control sample was
518 MPa compared to 621 MPa before exposure (Fig. 3). For
samples with 8% fibre content, the MOE changed from 1298
to 966 MPa after exposure. This represents a loss of about
16.6 and 25.6% for control samples and samples containing
8% fibre, respectively. In MOR, control samples decreased
by 30.2% after exposure, while samples containing 8% fibre
decreased by 34.3%. IB in the control samples decreased by

@ Springer



1498

Journal of Material Cycles and Waste Management (2020) 22:1492-1500

Fig.3 Comparison of panel 6
mechanical properties before

and after exposure (1 =before

exposure; 2 =after exposure; 5
0-10=fibre content)

Strength values
w e

(3]

IIII

0
MOEI (GPa)

28.6% after exposure, while samples containing 8% fibre
decreased by 25%. Fungi activity could have resulted in slow
degradation of cell wall components, and an eventual loss
in all strength properties. However, the strength loss was
not significant (p < 0.05). The exposure already changed the
physical characteristics of the materials, which were unsta-
ble with prolonged submersion in water.

Conclusion

The incorporation of kenaf bast fibres to reinforce waste-
paper—cement composite boards has been discussed. The
manufacture of these reinforced composite materials utiliz-
ing recycled waste papers will help to promote a circular
bioeconomy and improve the economic potentials of devel-
oping countries. The manufacturing process is suited to the
end of technology spectrum, as it presents opportunities for
small-scale enterprises to produce durable and affordable
fibre—cement materials. Apart from the proposed application
of these materials as wall claddings in the research arbore-
tum, they can be used as non-load-bearing structures as well
as ceiling applications in residential dwellings.

From the result of this study, kenaf bast fibres can be used
to improve the flexural strength and dimensional stability of
waste paper—cement composites. The optimum fibre content
for improving the measured properties evaluated was 8% for
a paper: cement ratio of 1:1 (w/w). This optimum content
was determined as the maximum strength attained when
fibres were added to the composites. At 8% fibre content,
there is increased fibre—cement interaction, good fibre dis-
tribution within the matrix and good interfacial bonding in
the composite materials. There was no correlation between
the fibre content and the physical properties evaluated, but
the effect of fibre content was significant on the WA and
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LE. The composite panels were highly resistant to mould
(fungi) attack and termite damage for an exposure period
of 24 weeks. In addition, 12-week accelerated decay test
using the brown and white-rot fungi did not result in any sig-
nificant loss in weight of the samples. There was no visible
mycelia growth or termite activities in the exposed speci-
mens. Although, there was a decrease in mechanical proper-
ties after exposure, the strength loss was not significant. The
high pH of the cement matrix and dissolved CaCl, salt was
concluded to improve the durability of the specimens. Based
on these results, the composite materials can be successfully
applied to manufacture wall panels for the arboretum build-
ings in the University of Benin.
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