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A B S T R A C T

This study evaluates the effect of treated and untreated jute fiber/eggshell particulate reinforced cement-paper
matrix composites for ceiling board application. Treated jute fiber (TJF) was obtained by immersing untreated
jute fiber (UJF) into 1.25 M sodium hydroxide (NaOH) solution in a shaker water bath maintained at 40 �C for 4
h. Eggshells (ESP) were pulverized and sieved to -75μm. Samples were prepared by varying the fiber volume
fraction from 0.5 to 2.5 wt.% in the composites. While other constituents such as the binder (cement) and eggshell
were kept constant. An hydraulic press cold compaction molder was utilized in the production of the hybrid
composites in a predetermined mix ratio designed based on previous research. The samples produced were cured
for 7 and 14 days, then sundried for 36 h. The physical, thermal, mechanical and wear behaviour of the produced
composites were evaluated while the surface morphology of the fractured splitting tensile samples were analyzed.
The result reveals that TJF/ESP hybrid composites had better performance than UJF/ESP hybrid composites in
most of the tests carried out. Increase in the number of curing days was found to also enhance the properties of the
composite produced in majority of the test evaluated. The 0.5 wt.% UJF/ESP gave the least performance of all the
composites developed. While 2.5 wt. % TJF/ESP showed an optimum properties among the composites tested.
When compared with standard, it is concluded that the hybrid composites developed can be suitable for ceiling
boards and also find possible application in wall partitioning.
1. Introduction

Building can be regarded as one of the most important needs in the
history of human evolution, the problem of housing deficit increases even
with the government intervention to ensure the availability of shelter for
their citizens [1]. All over the world, pressure has been mounted on
building materials such as cement, roof frames, bricks, and windows, roof
tiles, ceiling frames, and ceiling tiles. Owing to this increasing demand,
there is a corresponding increase in the price of these materials [2, 3, 4].
Global warming has become more prominent in recent years, charac-
terized with change in weather, ocean currents, a major rise in average
temperature and climate change in different parts of the world [5, 6]. For
this reason, there is a need to develop building materials with improved
insulation properties coupled with good mechanical characteristics.
Various policies have been enacted to reduce the use of fossil fuels and
adoption of minimal carbon energy technologies [7, 8]. Ceiling is
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regarded as a very important part of a building; it reduces the amount of
heat energy dissipated into the room when absorbed by the roof tiles.
This suggests that ceiling materials must possess good thermal insulation
property and high specific heat capacity while the strength of the ma-
terial is not compromised below the required standard. The use of waste
material such as paper waste has a significant role to perform in the
reduction of housing material deficit. Paper is a product of wood and its
primary constituent are cellulose, lignin, hemicellulose and ash [9, 10].
After use, these materials are regarded as waste thereby littering the
environment and causing environmental pollution [11]. Reprocessing of
paper waste can potentially reduce the consumption of wood (a product
of trees) which has been reported to control the effect of greenhouse
gases in the environment, reverse desertification trend and also serve as a
good substitute for materials that a large amount of fossil fuel are needed
in their production [12, 13]. An adequate way of utilizing paper waste is
the recycling of paper and the addition of other additives such as cement,
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starch, and natural fibers to develop new material which can be
employed in ceiling, packaging, bricks, and other light weight applica-
tions [14, 15]. Natural fibers are agro wastes that are biodegradable in
nature, they are renewable, cheap and characterized by their light
weight. These fibers and their extracts in recent years have been
embedded into various matrix material such as paper, polymers, metals,
ceramics (clay, bricks and concrete); so as to improve their mechanical,
thermal properties and durability [16, 17, 18]. The drawback of natural
fiber is mainly linked to their hydrophilic nature which leads to loss of
mechanical properties by the formation of poor interfacial adhesion with
the intending matrix and they can decompose when used in sand and
cementitious based matrix materials [19]. A way of overcoming this
challenge is by subjecting natural fibers to alkali treatment which reduce
their hydrophilicity, enhance their adhesion to matrix, and reduces
effectively the rate at which these fibers decompose in sand and
cementitious based matrix materials [20, 21]. Various researchers have
studied the effect of natural fiber addition as reinforcement in paper and
cementitious matrix while employing cement or starch as binder [22].
Akubueze et al [22], reinforced plaster of Paris (POP) with kenaf fiber
modified with 10 % Sodium Lauryl Sulphate. The result of the research
shows an increase in the tensile strength of the developed composite,
which seems to suggest that natural fibers can be used as reinforcement
in brittle materials in order to enhance their resistance to deformation
when mechanical stress is applied. Oladele et al [23], added sponge fiber
to paper matrix while utilizing cement as the binder and it was concluded
that the incorporation of sponge fiber enhance the mechanical perfor-
mance of the matrix up to 4 wt. %, followed by a decrease. The perfor-
mance of Scirpus grossus fiber when compared with fiberglass in the
development of ceiling materials further suggests that natural fibers can
be adopted and investigated for the production of cheap, light weight and
eco-efficient materials in building applications [24]. This research in-
vestigates the influence of chemical treatment on the properties of
cement-paper matrix while utilizing untreated jute fiber (UJF), treated
jute fiber (TJF) and eggshell particulate (ESP) as reinforcing materials. In
addition, the thermal, mechanical and wear behaviour of the hybrid
composite were studied.
Figure 1. Showing (a) Untreated Jute fiber (b) Treated
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2. Materials and method

2.1. Materials

Sodium hydroxide (NaOH) and distilled water were acquired from a
chemical store in Omu-Aran, Kwara state, Nigeria. Waste paper, cement,
and eggshell were procured from a local store in Akure, Ondo state, South
Western part of Nigeria while the jute plant used was obtained from a
local farm in Awule, Ondo State, Nigeria.

2.1.1. Processing of the jute fiber
Jute plants were harvested from a local farm in Awule, Ondo State.

The Harvested jute plants were tied together in bundles (20 jute plant
per bundle). Jute plant bundles were immersed in water for a period of
14 days to allow the swelling of the jute plant inner cell. The water used
in soaking the plants was changed daily to ensure the final jute fibers
produced were clean. Stripping of the jute fibers from the stalk bundles
was carried out while the plants were still immersed in water. After-
wards, jute fibers were sundried for seven (7) days and divided into two
portions, the first portion was left untreated while the other portion was
treated with 1.25 M sodium hydroxide (NaOH) solution in a shaker
water bath at a temperature of 40 �C for 4 h. Thereafter, the rinsing of
the treated fiber in distilled water was carried out while the neutrality
of the fibers was tested using litmus paper, which thus confirmed the
neutrality. Untreated and treated jute fibers shown in Figure 1(a) and
(b) were trimmed to 50 mm length and sun-dried for 3 days to ensure
the removal of water before been used as reinforcement in cement paper
pulp matrix.

2.1.2. Processing of eggshell
The eggshell procured were washed with detergent and rinsed in

water to ensure the removal of the residual organic materials. This was
succeeded by sun drying for 6 h. After which eggshell was pulverized and
sieved to particle size of -75 μm. The eggshell and pulverized eggshell
were as shown in Figure 1(c) and (d).
jute fiber (c) Eggshell and (d) Pulverized eggshell.
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2.1.3. Production of paper pulp
Paper waste were shredded using paper shredder with further

reduction of the shredded papers into smaller seizes with the aid of
scissors. The paper (cut into smaller sizes) were collected and soaked in
hot water initially boiled to 100 �C. The mixture was then allowed to cool
and left for 4 days in the bucket. On the fourth day, the paper pulp was
ground using a paper pulp grinding machine. The slurry as shown in
Figure 2a was stirredminutes using a wooden rod for 15 min. Afterwards,
de - watering was effected by pouring the slurry into a sack bag. A
representative sample for splitting test is as shown in Figure 2(b).

2.2. Mould dimensions

Various mould dimensions were used for production of the test
samples. Rectangular test molds (200 � 50 � 50 mm3 and 64 � 12.7 �
6.4 mm3) and cylindrical molds (25 � 20 mm and 50 � 100 mm) were
utilized in the preparation of samples used for physical, thermal, me-
chanical and wear tests.

2.3. Composites development

Cement-paper composite were developed using hydraulic press cold
compaction molder. Dried pulp, ordinary portland cement, particulate
eggshell, water and (treated and untreated) jute fiber were measured
using electronic weighing balance, composite production was carried out
in a predetermined proportion as represented in Table 1. Dry paper pulp
was initially mixed manually with cement in a container; water was
added in order to make the paper soft and improves its binding capacity
with the additive. Mechanical mixing was employed to ensure homoge-
nous and proper mixing; the ratio of water to cement adopted was
0.68–0.75. Each weight fraction was mixed and used in filling the rect-
angular and cylindrical molds employed. Compaction of the admixture
was done for a period of 4 min at a temperature of 27 �C and an applied
pressure of 0.25 kPa using hydraulic press cold compaction molder by
placing each test filled mould between the upper and lower plates. After
compaction the samples were cured in a polyethylene bag (for 7 and 14
days) and then sundried for 36 h. The splitting tensile samples were as
shown in Figure 2b.

2.4. Preliminary characterization of samples

The initial test such as tearing resistance (420 mN), bursting strength
(0.159 MPa), grammage (74 g/m2), specific heat capacity (1.410 J/gK),
drainage time (5 min), thermal conductivity (0.047 W/mK), and
consistence (medium)were assessed to determine the inherent properties
of waste office paper used in accordance with existing standards [25, 26,
27, 28, 29, 30, 31]. Compositional analysis, surface morphology of jute
fiber and the chemical composition of the eggshell particulate were
studied.
Figure 2. Showing (a) Paper slurr
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2.5. Test method for physical properties

2.5.1. Porosity and water absorption
Prior to evaluating the percentage porosity and water absorption,

samples used in were sundried for 8 h. Evaluation of the amount of
porosity was necessary to determine the degree of void present in the
composite produced while % water absorption is necessary determines
the behaviour of these materials when exposed to water. Porosity and
water absorption and were measured in compliance with [32], adopting
Eqs. (1) and (2) respectively

ð%Þ PC¼ W2 �W1

W2 �W3
� 100 (1)

ð%ÞWC ¼W2 �W1

W1
� 100 (2)

where; PC-porosity of the composite; WC - water absorption of the
composite; W1 - dry weight of samples when suspended in air; W2 -
saturated mass of the samples suspended in air; W3-saturated mass of the
sample when suspended in water.

2.5.2. Bulk density
The samples used to determine the bulk density of the composite were

prepared in a similar way to that of porosity and water absorption. Be-
forehand, samples were also sundried for 8 h. Bulk densities of the
samples were assessed in commensuration with [33] while employing
Eq. (3).

BC¼ W1

W2 �W3
� density of water (3)

where; BC-bulk density of the composite; W1- dry weight in of samples
when suspended in air; W2- saturated mass of the samples suspended in
air; W3-saturated mass of the sample when suspended in water.

2.5.3. Linear shrinkage and volumetric
Linear and volumetric shrinkage was analyzed with the aid of vernier

caliper and carried out in agreement with [34]. This property was eval-
uated to determine the dimensional stability of the produced samples
while utilizing Eqs. (4) and (5) respectively.

ð%Þ LSC¼L2 � L1

L1
� 100 (4)

ð%Þ VSC¼V2 � V1

V1
� 100 (5)

where; LSC-linear shrinkage of the composite; VSC-volumetric shrinkage
of the composite; L1-initial length of samples after compaction; L2-length
y (b) Splitting tensile samples.



Table 1. Mix ratio of the composite.

Designation Paper (%) Cement (%) Fiber (%) Eggshell (%)

Control 85 15 - -

0.5 74.5 15 0.5 10

1 74 15 1 10

1.5 73.5 15 1.5 10

2 73 15 2 10

2.5 72.5 15 2.5 10
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of the sample after curing and oven drying; V1-initial volume of samples
after compaction, V2-volume of the sample after curing and oven drying.

2.6. Test method for thermal properties

2.6.1. Thermal conductivity
Thermal conductivity was evaluated using guarded hot plate method,

this property determine the rate of heat transport by a mechanism called
conduction through the cement-paper fiber board. Thermal conductivity
of the composite samples was assessed in line with [30], using Eq. (6).

TC¼wcpð∅1 �∅2Þ4x
πd2ðT1 � T2Þt (6)

where; TC-thermal conductivity; w-weight of the plate; cp-specific heat
capacity of the plate; ∅1- initial temperature of plate B; ∅2-final tem-
perature of plate B; d-diameter of the composite; x-thickness of the
composite; T1-initial temperature of plate A; T2-final temperature of plate
A; t-time taken to attain a stable temperature.

2.6.2. Specific heat capacity
Specific heat capacity was performed in line with [28], Differential

scanning calorimetry was used in the determination of the specific heat
capacity for each sample. Composite sample of height 20 mm and
diameter 25 mm were utilized.

2.7. Test method for mechanical properties

The samples used for evaluating the mechanical properties were
initially oven dried at a temperature of 50 �C for a period of 12 h.

2.7.1. Compressive strength
Evaluation of the compressive strength of the composite samples was

carried out the aid of universal testing machine as per [35] using Eq. (7).
Samples with height of 100 mm and diameter 50 mm were used for this
evaluation. Three samples were tested for each composition and the
average obtained was used as the compressive strength.

C¼P
A

(7)

where; C- compressive strength; P- load applied; A-cross sectional area of
the sample.

2.7.2. Flexural strength
Flexural strength of the composite produced was performed in

agreement with [36] using Instron Universal testing machine. Eq. (8) was
employed in computing the flexural strength while the gauge length of
the sample is 200 � 50 � 50 mm3. Three samples were tested for each
composition and the average obtained was used as the flexural strength.

F¼ 3PL
2WT2

(8)

where; F-flexural strength; P-maximum load; L-length of the sample; W-
sample's width; T-thickness of sample.
4

2.7.3. Tensile strength
Instron Universal testing machine was used for the evaluating the

tensile strength of the developed samples. Tensile strength was carried
out in line with [37] and the estimation of the resistance of each sample
to a stress in tension was done using Eq. (9). Samples with dimension of
100 mm height and 50 mm diameter were used. Three samples were
evaluated for each composition and the average was used as represen-
tative value.

T¼P
A

(9)

where; T-tensile strength; P-maximum tensile load; A-cross sectional area
of the sample.

2.7.4. Split tensile strength
Split tensile strength of composite samples was evaluated using

Instron Universal testing machine. The test was carried out in accor-
dance with [38] and computed using Eq. (10). Samples with dimen-
sion of 100 mm height and 50 mm diameter were used in the
determination of split tensile strength. Three samples were evaluated
for each weigh fraction and the average was used as the value for split
tensile strength.

Ts¼ 2P
πdl

(10)

where; Ts-split tensile strength; p-applied load; d-diameter of composite
sample; l-length of composite sample.

2.7.5. Impact resistance
A measure of resistance to Impact was determined in order quantity

the samples resistance to sudden load while utilizing Izod impact testing
machine. The test was observed in accordance with [39]. Samples used
were of 60 � 12.7 � 3.2 mm3. Three samples were evaluated and the
average was adopted as representative value for the resistance to impact
for each weight fraction.

2.7.6. Bursting strength
Bursting strength of the composite samples was evaluated as per [26],

using a ZwickRoell burst tester which employs pressure in bursting of the
samples, the composite samples were made into a board with gauge
length 20 � 15 � 4 mm3. The test measure the resistance of the paper
samples to increasing pressure, a fixed volume flow was used in the
determination of bursting strength for all weight fractions. Three samples
were evaluated for each weight fraction and the average was computed
as the bursting strength.

2.7.7. Hardness
Evaluation of the resistance of the developed sample was done in

line with [40], Vickers micro hardness tester was employed. The
diamond pyramid indenter and a load of 0.5 kg were used for the
static indentation. Computation of the hardness for each sample was
done using Eq. (11). Samples were indented on three different
occasions.
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HV¼ 1:854
P
M2

(11)
where; HV-vickers hardness; P-load used for indentation; M2-mean of the
diagonal.

2.8. Wear behaviour

Evaluation of the abrasive wear of the composite samples was eval-
uated as per [41] using Taber abraser. The initial weight of the sample
was determined using electronic weighing balance, followed by
mounting of the sample on a rotating platform at a fixed speed of 100 rpm
and the abrasion wear was carried out to determine the effect of jute fiber
and eggshell particulate addition on the wear loss at composite samples
surfaces. The final weight of the samples was also measured and the
difference in weight was determined as wear loss index using Eq. (12).
Three samples were evaluated and their average was used as a repre-
sentative value for each composition.

W ¼Wi �Wo

Wi
(12)

where; W-weight loss index; Wi-initial weight of sample and Wo-final
weight of sample.

2.9. Material characterization

Scanning electron microscope (JOEL JSM-7600F) was used for the
characterization of the surface morphology of jute fiber and fractured
split tensile samples.

3. Result and discussion

3.1. Preliminary analysis

3.1.1. Elemental composition of particulate eggshell
The EDX carried out on the eggshell was as shown in Table 2, revealed

the presence of Ca and Fe in considerable amount. These element can
combine in the presence of oxygen to form compounds such as calcite
(CaCO3) and ferric oxide (Fe2O3) are good re-enforcers that can improve
the properties of the developed hybrid composite [42].

3.1.2. Compositional analysis of paper, jute fiber, and morphology of jute
fiber

The waste office paper used contains cellulose, hemicellulose, lignin
ash and other constituent. Cellulose dominates the constituent of paper,
from Table 3 cellulose constitute 86.73 % while other constituent are
present in 1.5 %. Paper is a product of wood and the lignin content
present in the paper used has been reduced to 1.3 % during production.
As revealed in Table 3, untreated jute fiber is made up of 57.45 % cel-
lulose, 25.32 % hemicellulose, 15.41 % lignin and other constituent in
proportion of 1.872 %. Alkali treatment afforded the fiber led to a
Table 2. Elemental composition of particulate eggshell.

Compounds Wt. %

Si 0.12

Ca 79.4

K 5.1

Mg 0.3

O 11.8

Al 0.6

C 0.08

Fe 2.1

Na 0.5
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decrease in lignin, hemicellulose, and other constituent [43] as shown in
Table 3 and Figure 3(a) and (b) respectively. It is noteworthy to mention
the increase in the cellulose present in jute fiber, this leads to increase in
cellulose present on fiber surface ready for contact with the matrix and
hence, interfacial adhesion is improved [44, 45]. Also, the hydrophilicity
of the jute fiber was reduced due to removal of the lignin (which is
non-reactive) and the modification of the cellulose [46]. Therefore,
treated fiber was observed to possess rough surface which assist in the
formation strong interfacial adhesion and interaction between compo-
nents of matrix and reinforcement.

3.2. Physical properties

3.2.1. Porosity
Porosity test was used in estimating the amount of pores present in

the JF/ESP hybrid composite. From Figure 4, it is revealed that the
amount of porosity observed in the developed JF/ESP was reduced when
compared to the control sample. Treated samples were found to have
lower porosity than the untreated ones, this feat can occur on the account
of the chemical treatment on the interfacial adhesion between the matrix
and the reinforcement. Chemical treatment increases the surface area of
cellulose in contact with the matrix. Hence, adhesion was improved [47].
The presence of the cement which serves as a binder in the present of
water is also responsible for the bond strength in the composite samples.
Therefore, increase in the number of curing days results in improved
hydration and better compactment of the composite. Curing ensures the
presence of free water content during hydration; this aids complete hy-
dration of the cement [48]. The result presented highlights that 0.5 wt. %
TJF/ESP addition had the lowest porosity of all the samples produced
with values of 33.48 % pores after the sample was cured for 14 days. This
indicates that 0.5 wt. % TJF/ESP had 31.6 % reduction in porosity when
compared with the control sample cured for the same number of days.
Among untreated samples, 0.5 wt. % UJF/ESP composite also had the
lowest porosity with the best performance obtained at 14 days curing.
The result of obtained agrees with the work of Ahmad et al [49].

3.2.2. Water absorption
The performance of JF/ESP hybrid composite to water absorption

was as represented in Figure 5. The behavior of the sample to water
absorption was similar to Figure 4, where porosity reduced with fiber
addition when compared to the control sample. 0.5 wt. % TJF/ESP
addition at 14 days curing had the lowest water absorption capacity. 0.5
wt. % TJF/ESP gave a value of 35.86 and 34.11 % compared to the
control sample with values of 42.30 and 38.12 % water absorption at 7
and 14 curing days, indicating a reduction of 17.98 and 11.76 % at 7 and
14 curing days. The chemical composition of the paper used as shown in
Table 3, revealed that paper is mainly composed of cellulose, the cellu-
lose content in paper has high affinity for water molecules [50]. Since
paper content reduces with the addition of ESP and TJF which occupies
more volume and less affinity for water, the reduction in water absorp-
tion is justified. However, TJF/ESP composite had lower water absorp-
tion capacity their untreated counterparts. This behavior may be
attributed to the alkaline treatment given to the fiber, which is respon-
sible for the removal of lignin and hemicellulose content present in the
fiber. The treated fiber has been reported to possess increased surface
area which aids the evaporation of water rather than retention of water in
the case of untreated fibers [51]. Therefore, the hydrophilic nature of
developed composite is reduced. Chemical treatment is a potent way of
reducing the water absorption property of natural fibers and their
incorporation into the matrix ensue reduction in water absorption when
compared to the untreated ones. The behavior observed corroborates
with the findings of Owodunni et al [52].

3.2.3. Bulk density
The density of the produced composite samples was determined and

the result was as revealed in Figure 6. It was observed that 5 wt. % UJF/



Table 3. Compositional analysis of paper and jute fiber.

Constituents Paper pulp (%) Untreated jute fiber (%) Treated jute fiber (%)

Cellulose 86.73 57.45 69.45

hemicellulose 8.37 25.32 19.81

lignin 1.3 15.41 9.47

ash 2.1 - -

others 1.5 1.82 1.27

Figure 3. SEM images of (a) Untreate

Figure 4. Variation of porosity with untreated and t

Figure 5. Variation of water absorption with untreated a
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ESP addition had the best performance in terms of density (which is a
property where lower value is desired) with a value of 0.590 g/cm3 at 7
curing days, which gives a reduction of 18.05 and 24.35 % compared to
control samples cured for 7 and 14 days respectively. The trend observed
was increase in bulk density at 0.5 JF/ESP addition, followed by a pro-
gressive decrease from 1-2.5 wt. % JF/ESP. Since JF and ESP possesses
density that are higher than that of the paper [53, 54, 55]. Therefore,
initial increment in bulk density may ensue and further reduction in bulk
density may be attributed to increasing volume of JF. However, it was
d jute fiber (b) treated jute fiber.

reated JF/ESP hybrid cement-paper composites.

nd treated JF/ESP hybrid cement-paper composites.
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observed that UJF/ESP hybrid composite samples possess lower density
that the treated ones, due to increase in the density of treated fibers [56].
It is noteworthy to mention that samples cured for 14 days possess higher
bulk density compared to samples cured for 7 days. Similar result was
reported by Iswanto et al [57] for Sorghum based fiber board. In recent
years, materials with reduced density are well appreciated in engineering
applications due to easier construction, economical transportation, and
labour convenience [58, 59]. This This research highlights the potential
of JF/ESP eco-friendly reinforcements that can be incorporated into
matrix material in order to reduce their bulk density while other prop-
erties are also modified.

3.2.4. Linear shrinkage
The result obtained shows the response of JF/ESP hybrid composite

samples to linear shrinkage. From Figure 7, it was deducted that the
control sample had the highest percentage linear shrinkage with values
of 0.51 % and 0.67 % at 7 and 14 days of curing respectively. Among the
JF/ESP hybrid composite, 2.5 wt. % UJF/ESP had the best linear stability
of 0.41 and 0.45% at 7 and 14 days respectively. This reduction observed
can occur because of the presence of JF/ESP in the hybrid composite,
which reduces the volume of paper matrix available for shrinkage.
However, the chemical treatment given to the fiber had no effect on the
shrinkage of the hybrid composite samples. The trend observed was in-
crease in percentage linear shrinkage with higher number of curing days,
this occurrence may be attributed to the incomplete hydration process at
7 days. The free water present in the composite were further employed in
hydration process, therefore, hydration is continued. At the completion
of this process, the product may completely fill up the pores present in the
samples. Incapability of the hydration product to completely fill up these
pores, ultimately cumulate in the reduction in size and shape of the
composite [60]. All hybrid composite samples satisfied the minimum
requirement for linear shrinkage of ceiling boards according to ASTM C
209 [61].

3.2.5. Volumetric shrinkage
Figure 8 shows the result of the composite sample produced in terms

of volumetric shrinkage. The performance of the samples was similar to
that of linear shrinkage where the control sample had the highest per-
centage linear shrinkage as revealed in Figure 7. A value of 1.19 and 1.22
% was recorded as the percentage volumetric shrinkage at 7 and 14 days
of curing respectively. It was observed that volumetric shrinkage was
promoted with increase in the number of curing days and the addition of
JF/ESP had a reduction effect on the shrinkage of the hybrid composite
samples. 1.5 wt. % UJF/ESP composite was observed to possess the best
stability in terms of volumetric shrinkage among the reinforced hybrid
composited. Chemical treatment had no effect on the percentage change
is volumetric shrinkage. This result uphold the claim of [62], indicating
Figure 6. Variation of bulk density with untreated and
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that the incorporation of JF/ESP into paper matrix improves the
dimensional stability of the composite developed.
3.3. Thermal properties

3.3.1. Thermal conductivity
Figure 9 shows the response of the various weight fractions of the

developed samples to thermal conductivity. From Figure 9, it was noted
that 2.5 TJF/ESP sample cured for 14 days had the highest thermal
conductivity with a value of 0.156 W/mK, showing an enhancement of
25.80 % when compared with the control sample cured for the same
number of days. Followed closely by this, is 2 wt. % TJF/ESP composite
sample which has the second highest thermal conductivity with 19.35 %
enhancement when juxtaposed with control sample. Thermal conduc-
tivity was observed to reduce with increasing UJF/ESP addition; indi-
cating that 2.5 wt. % UJF/ESP sample had the best thermal insulation
characteristics. This supports the claim made by [63] who reported the
same behaviour with addition of date palm fiber to natural mortal. Sur-
face modification of the fiber give rise to a linear increase in the thermal
conductivity of TJF/ESP hybrid composites, this is attributable to in-
crease in the surface charge of treated fibers. Hence, thermal conductivity
is enhanced, as emphasized in previous study by [64] who reported the
role of treated fiber in improving thermal conductivity. The value re-
ported for asbestos as stated by Obam [65] is 0.096W/mKwhich is in the
same range with was observed in this study.

A common trend observed was the increase in thermal conductivity of
UJF/ESP and TJF/ESP hybrid composites as curing progressed from 7-14
days, upholding the findings of [66]. In ceiling applications, a material
with lower thermal conductivity is desirable, in order to reduce the
amount of heat energy conducted into the building on a sunny day. All
UJF/ESP hybrid composites have thermal conductivity lower than the
control material, this suggest that these samples are more efficient than
the control in applications where thermal insulation property is essential.

3.3.2. Specific heat capacity
Specific heat capacity of a material is a function of density and heat

[67]. From Figure 10, where it was deducted that 2.5 wt. % TJF/ESP
hybrid composite cured for 7 days shows the most significant improve-
ment in specific heat capacity with a value of 1.24 J/gK. This is consistent
with the research of [68] who reported an increase in specific heat ca-
pacity with the addition of treated sisal fiber. Untreated samples were
found to experience reduced specific heat capacity with increasing fiber
addition while for the treated samples it was the other way round. 0.5 wt.
% UJF/ESP hybrid composite had a specific heat capacity of 1.195 J/gK,
which is the highest among UJF/ESP hybrid composite experienced a
1.23% reduction in specific heat capacity whenmatched with the control
sample cured for the same number of days.
treated JF/ESP hybrid cement-paper composites.



Figure 7. Variation of linear shrinkage with untreated and treated JF/ESP hybrid cement-paper composites.

Figure 8. Variation of volumetric shrinkage with untreated and treated JF/ESP hybrid cement-paper composites.

Figure 9. Variation of thermal conductivity with untreated and treated JF/ESP hybrid cement-paper composites.
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Increasing the number of curing days of samples led to a decrease in
the specific heat capacity value. This is ascribable to the reduction of free
water present in the composite and the formation of more hydration
products which fills up the pores present in the composite at increase
number of curing day. Therefore, specific heat capacity is reduced [69].
However in a building application, materials with higher value of specific
heat capacity is desired; this insinuate that samples reinforced with
treated fibers and cured for 7 days had better performance than other
breeds of samples produced.
8

3.4. Mechanical properties

3.4.1. Compressive strength
The behaviour of the composite samples to a compressive loading was

as shown in Figure 11, where it was observed that 2.5 wt. % TJF/ESP
hybrid composite gave the best performance, in terms of resistance to
compressive loading. Similarly, 2.5 wt. % TJF/ESP had a compressive
strength of 0.74 and 0.81 MPa which is 45.1 and 50 % higher than the
value obtained for the control sample at 7 and 14 days of curing



Figure 10. Variation of specific heat capacity with untreated and treated JF/ESP hybrid cement-paper composites.
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respectively. The entire composite produced had better compressive
strength than the control sample. This may be attributed the addition of
JF/ESP since compressive strength improves with reduced in porosity,
the addition of ESP serve as a filler and reduced the volume of pores
present in the composite. Paper as a material is characterized with the
presence of poor calcium silicate hydrate (C–S–H) cohesion, the addition
of ordinary portland cement which possess strong C–S–H bond (known to
serve as gel) improves the bond strength of the hybrid composite; hence,
compressive strength is improved [70, 71]. The common trend noticed
was the improvement in compressive strength with increasing fiber
addition as reported by Oladele et al. [72] in their research, where an
increased compressive strength was reported for cement-paper matrix
reinforced with cow hair. Samples cured for 14 days had better perfor-
mance than those cured for 7 days, this justifies the claim made by [73]
who reported improvement in compressive strength as curing days pro-
gressed. Increase in curing days brings about continuation of hydration
process of the JF/ESP composite; hence, compressive strength is
enhanced. Among the untreated fiber reinforced composites 2.5 wt. %
UJF/ESP also had the best compressive strength of 0.7 and 0.77 MPa at 7
and 14 curing days respectively; this highlight the effective stress transfer
achieved along with good interfacial adhesion observed in Figures 20 and
21. The result obtained shows that JF/ESP which are regarded as agro
waste has potential of improving mechanical properties of matrix ma-
terial, when employed as reinforcements for various applications.

3.4.2. Flexural strength
Figure 12 reveals the response of composite samples to bending load,

this property indicate the produced hybrid composites samples resistance
Figure 11. Variation of compressive strength with untreate
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to deflection. The result obtained was similar to that of compressive
strength as revealed in Figure 11. The 2.5 wt. % TJF/ESP hybrid com-
posite had the best resistance to bending load with flexural strengths of
0.48 and 0.57 MPa when compared to the control sample where 0.25 and
0.29 MPa were obtained at 7 and 14 days of curing respectively. This
agrees with the work of Oladele et al [23, 72] who reported increased
flexural strength of cement-paper composite with sponge fiber addition
up to 2 wt.% followed by a decrease. However, all samples had better
flexural properties than the control. Similar to the behaviour observed in
Figure 10, all hybrid composite produced had better flexural strength
than the control material. It was noted that samples produced with
treated fibers performed better than the untreated ones; this behaviour
can be linked to the chemical treatment given to the fibers. Alkaline
treatment has been reported to remove impurities, waxes, lignin, and
hemicellulose from fiber surface [73]. Therefore, the percentage of cel-
lulose present at the fiber surface increased and enhanced interfacial
adhesion between thematrix and the fiber was achieved as highlighted in
Figures 20 and 21. The 2.5 wt. % UJF/ESP also had the optimum value of
flexural strength among the UJF/ESP hybrid composites with 64 and
79.31% enhancements at 7 and 14 days of curing respectively as in the
case of compressive strength. This justified the use of UJF/ESP as capable
reinforcing materials. Incorporation of second phase into matrix serve as
impediment to dislocation movement, the barrier created ultimately
cumulates in improved strength provided the second phase possess high
strength and the interfacial adhesion between the reinforcement and
matrix material is strong. The eventual passage of any dislocation results
in the creation of stress field, making dislocation movement more diffi-
cult, hence, accumulation of these dislocations yields improves stiffness.
d and treated JF/ESP hybrid cement-paper composites.



Figure 12. Variation of flexural strength with untreated and treated JF/ESP hybrid cement-paper composites.
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Nonetheless, flexural strength was discovered to improve with increasing
number of curing days. This correlates with the finding of [66] who
claims an increase in flexural strength with increase in number of curing
days.

3.4.3. Direct tensile strength
The response of the composite produced was as represented in

Figure 13. Tensile strength of a material indicates the resistance of the
material to applied tensile load that tends to pull the material apart.
Figure 13 shows that the control sample had a tensile strength of 0.024
MPa at 7 days of curing and 0.011 MPa after the control samples was
further cured for another 7 days, showing a 0.013 MPa reduction in
tensile strength. The addition of 0.5 wt. % JF/ESP gave a value of 0.007
and 0.009 MPa for untreated and treated sample after 7 days of curing.
Further increase in curing to 14 days resulted in a decreased tensile
strength in both the treated and untreated sample. The initial decrease in
tensile strength observed can be linked to the low volume of fiber and the
presence of particulate eggshell. The best performance in tensile strength
was recorded for 0.25 wt. % TJF/ESP at 7 days of curing, this sample had
150 % enhancement when compared to the control sample cured for the
same number of days. The trend observed was a decrease in tensile
strength at 0.5 wt. % JF/ESP addition, followed by progressive increase
due to increase in the volume fraction of jute fiber which results into
enhanced formation of interconnecting network between the fiber and
reinforcement, therefore higher stress is needed to fracture the material
[74]. Modification of the fiber surface with alkali treatment was
discovered to improve the tensile properties of the developed compos-
ites. Therefore, treated samples possess better tensile properties at both 7
and 14 curing days due to improvement in the surface cellulose rough-
ness which aids better adhesion between the matrix and reinforcement.
Also, treatment of fibers has been reported to improve aspect ratio and
tensile properties of the fiber, causing improvement in the load bearing
capacity of the produced composite and this was highlighted by the good
adhesion observed in the SEM images (Figures 19, 20, and 21) [75, 76].
Among the UJF/ESP hybrid composites, 2.5 wt. % fiber addition had
optimum performance with tensile strength of 0.042 MPa at 7 days of
curing, showing an enhancement of 108.3 % than the control sample
cured for the same number of days. Increase in curing days in all samples
was observed to result into a decrease in tensile strength.

3.4.4. Splitting tensile
The splitting tensile behaviour of the developed composite samples

was as revealed in Figure 14, where it was observed that the control
sample had a value of 0.081 and 0.087 MPa at 7 and 14 days of curing
respectively. Addition of 0.5 wt. % JF/ESP improved the splitting
strength of the matrix to give a value of 0.089 and 0.105 MPa for UJF/
ESP while 0.090 and 0.109 MPa were obtained for TJF/ESP at 7 And 14
10
days respectively. 2.5 wt. % TJF/ESP composite had the highest per-
formance of all the hybrid composite samples produced with a value of
0.144 at 14 days of curing, showing an improvement of 0.102 and 0.057
MPa when compared with the control sample cured for 7 and 14 days
respectively. The improvement observed can occur on the account of
increase in the volume of fibers (as shown in Figures 19, 20, and 21)
which serve as a barrier to dislocation movement, further movement of
dislocation needed to fracture the material would require higher
amount of stress. Hence, improved strength is achieved [74], the result
of this research buttress the findings of [77] who in their research work
reported enhancement in splitting tensile strength with fiber addition.
However, an increment in splitting tensile strength of the samples was
noted as the number of curing days progressed from 7-14 days. Control
sample had an improvement of 0.06 MPa while an increase of 0.042
MPa was recorded for 2.5 wt. % TJF/ESP composite with increase in the
number days of curing. This asserts the work of [78] who emphasized
improvement in splitting tensile strength as the number of curing days
increased.

Untreated samples show lower fracture resistance against splitting
tensile load than their treated counterparts. This can occur owing to the
hydrophilic nature of natural fibers which makes them absorb moisture
readily from the atmosphere, leading to swelling of the fibers and the
formation of microvoids and microcrack at the fiber-matrix interface.
Hence, lower amount of stress is needed to fracture the composite [79].
Among the untreated composite, 2.5 wt. % UJF/ESP had the best per-
formance at 14 days of curing with a value of 0.110 MPa.

3.4.5. Impact strength
Impact strength was evaluated to reveal the resistance of the com-

posite samples produced to fracture when a sudden load is applied.
Resistance of the samples produced to impact load was as represented in
Figure 15, where it was observed that the control sample had impact
strength of 2.1 and 2.4 J/m2 at 7 and 14 days of curing respectively.
Addition of 0.5 wt. % JF/ESP led to increase in impact strength, where
2.19 and 2.25 J/m2 were obtained for 0.5 wt. % UJF/ESP while 2.31 and
2.65 J/m2 were recorded for 0.5 wt. % TJF/ESP at 7 and 14 curing days
respectively. The optimum number resistance to impact load was ob-
tained for 1.5 wt. % TJF/ESP composite sample cured for 14 days. The
increase in impact strength observed may occur owing to the presence of
fiber, which is responsible for reducing the rate at which inherent crack
present in the material propagate. This upholds the findings of Ekunobi et
al [80], who reported an increased impact strength of ceiling board
produced from waste paper with fiber addition. Impact strength was
noted to increase as curing progressed from 7-14 days, this is in agree-
ment with the findings of [81], revealing the effect of curing on impact
strength and concluded that impact strength of cementitious materials
improve with increase in curing days.



Figure 13. Variation of tensile strength with untreated and treated JF/ESP hybrid cement-paper composites.

Figure 14. Variation of splitting tensile strength with untreated and treated JF/ESP hybrid cement-paper composites.
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It is noteworthy to mention that samples produced with treated fibers
performed better than the untreated ones, when an impact load was
applied on the samples. This is attributable to increase in surface
roughness and wettability of jute fiber which improved the interfacial
adhesion as a result chemical treatment given to the fibers [82]. This
interfacial adhesion was confirmed in the SEM micrograph (Figures 19,
20, and 21). Among the untreated samples, 1.5 wt. % UJF/ESP had the
highest impact strength of 2.43 and 2.57 J/m2 at 7 and 14 days of curing
respectively.
Figure 15. Variation of impact strength with untreated a
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3.4.6. Bursting strength
Bursting strength was evaluated to determine the degree of resistance

of the produced composite samples to rupture. From Figure 16, it was
observed that the control sample possess a bursting strength of 0.621 and
0.684 MPa after 7 and 14 days of curing respectively. Addition of 0.5 wt.
% JF/ESP led to a decrease in bursting strength to give a value of 0.574
and 0.630 MPa for UJF/ESP while for TJF/ESP 0.6 and 0.672 MPa were
obtained after 7 and 14 days of curing respectively. This indicates that a
7.56 and 7.35 % reduction was recorded for 0.5 wt. % UJF/ESP while
nd treated JF/ESP hybrid cement-paper composites.



Figure 16. Variation of bursting strength with untreated and treated JF/ESP hybrid cement-paper composites.
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3.38 % and 1.75 % reduction was observed for TJF/ESP after 7 and 14
curing days respectively. The reduction observed can be related to the
presence of ESP and the low volume of fiber present in the hybrid com-
posite at that weight fraction, bursting strength has been reported to
improve with fiber addition while particulate reinforcement reduce the
resistance of the samples to rupture when high pressure is applied on the
material [83].

2.5 wt. % TJF/ESP had the highest bursting strength, showing a value
of 0.780 MPa after 14 days of curing which is 14.03 % enhancement
when compared with the control cured for the same of days. This feat was
attained based on increased volume of fiber at that weight fraction as
revealed by the microstructural morphology in Figure 21(a) and (b). The
trend observed was an initial decrease in the resistance of the hybrid
composited when a bursting pressure was applied. At 0.5 wt. % JF/ESP,
followed by an increase from 1 - 2.5 wt. % JF/ESP addition in both
treated and untreated samples.

As the number of curing days increase, bursting strength was found to
also increase in all samples, because of the formation of more hydration
product at higher number of curing days. TJF/ESP samples are charac-
terized with better bursting strength before ultimate rupture due to
adequate force transfer and enhanced energy absorption capacity than
the UJF/ESP samples [84]. The incorporation of these agro-wastes into
matrix material as a substitute for synthetic reinforcements can be uti-
lized for the development of eco-friendly material to improve their
properties and service life.

3.4.7. Hardness
The ability of a material to resist indentation is usually referred to as

the hardness of the material. This property is used in the determination of
Figure 17. Variation of hardness with untreated and
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deformation occurring in a material when an external load is applied
[85]. Figure 17 reveals the hardness of various weight fractions of sam-
ples developed, where it was observed that all hybrid composite samples
produced have improved hardness than the control sample cured for the
same number of days. This suggests that the rigidity of the samples have
been improved, therefore, the ability of the samples to resist indentation
is enhanced. The trend observed was increase in hardness with increasing
fiber addition and the peak value for hardness was obtained at 2 wt. %
JF/ESP, followed by a decrease at 0.25 wt. % JF/ESP. 0.5 wt. % JF/ESP
had the lowest value of hardness for both TJF/ESP and UJF/ESF hybrid
composite. This corroborates with the study of Ekpunobi et al [80] whose
research highlight the increase in fiber improve the hardness of ceiling
boards produced from waste paper. However, the values obtained at that
weight fraction of reinforcements were found to be better when matched
with the control sample. Furthermore, curing was noticed to improve
hardness in all samples produced; the reason for this may be linked to the
continuation of hydration process up to 14 days of curing.

3.5. Wear loss index

Variation in the wear behavior of the composite samples developed
was as shown in Figure 18. The control sample had wear index that is
higher than the ones obtained for the reinforced samples cured for the
same number of days. This shows that the incorporation of JF/ESP as
partial replacement for the matrix material enhance the resistance of
the hybrid composites developed to wear loss, this can be attributed to
the addition of the JF/ESP as the second phase. From Table 2, eggshell
shows the presence of calcium and iron, these elements can combine
with oxygen to form CaCO3 and Fe2O3 which are regarded as good
treated JF/ESP hybrid cement-paper composites.



Figure 19. SEM images of (a) 0 wt. % TJF/ESP, (b) 0.5 wt. % TJF/ESP hybrid cement-paper composite.

Figure 18. Variation of wear index with untreated and treated JF/ESP hybrid cement-paper composites.
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reinforcing materials [86]. At 2 wt. % TJF/ESP addition, the wear
resistance was at its highest and the wear loss recorded was 29.29 %
lower than the control after 14 days of curing. 2.5 wt. % TJF/ESP hybrid
composite cured for 14 days possess a wear index of 8.5 which shows a
14.14 % reduction when compared to the control sample cured for the
same number of days.

Samples cured for 14 days were found to have wear resistance greater
than those cured for 7 days. Among the sample cured for 7 days, 2 wt. %
TJF/ESP hybrid composite exhibited a wear loss index of 7.5 which is
lower than the other samples cured for the same number of days.
Generally, wear loss was observed to decrease with increasing JF/ESP
addition up to 2 wt. % followed by a decrease. Treated samples show
better wear resistance than the untreated samples; this can be linked to
improved specific interactions owing to surface modification of the fiber
[87]. 0.5 wt. % UJF/ESP had the lowest wear resistance among UJF/ESP
Figure 20. SEM images of (a) 1 wt. % TJF/ESP, (b) 1.
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hybrid composite. However, when matched with the control sample, its
wear property is superior and can be selected above the control sample in
applications where better wear resistance is needed.
3.6. Morphological evaluation of composites developed

Figures 19, 20, and 21 show the SEM images of the splitting tensile
sample fractured surface of the control and TJF/ESP hybrid composites.
Figure 19(a) highlights the fibrous nature of the paper employed and the
presence of porosity in the cement paper matrix. Figure 19(b) shows the
addition of 0.5 wt. % TJF/ESP, the SEM image captured the presence of
jute fiber in minimum proportion however some of the fibers agglom-
erated. This occurrence may be responsible for the low mechanical
properties observed at that weight fraction. From Figure 20(a), it was
observed that JF and ESP were evenly dispersed when compared with
5 wt. % TJF/ESP hybrid cement-paper composite.



Figure 21. SEM images of (a) 2 wt. % TJF/ESP, (b) 2.5 wt. % TJF/ESP hybrid cement-paper composite.
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Figure 19(b) while the surface morphology of 1.5 wt % TJF/ESP hybrid
composite as shown in Figure 20(b) was characterized by fiber pull out.
This composite sample shows even distributions of JF which highlight
the reason for the improved resistance against crack propagation
observed. Figure 21(a) and (b) shows the SEM micrograph of 2 wt. %
TJF/ESP and 2.5 wt. % TJF/ESP respectively. These samples were
characterized with homogenous dispersion of fiber, which begat effective
stress transfer. However, good interfacial adhesion demonstrated be-
tween matrix and reinforcements at these weight fractions underline the
improvement mechanical properties observed.

4. Conclusions

The physical, thermal, mechanical and wear behaviour of JF/ESP
reinforced hybrid composites were studied, from the results obtained, the
following conclusions were drawn.

i. chemical treatment was observed to enhance interfacial adhesion
between the matrix and the reinforcement. Therefore, the phys-
ical, thermal, mechanical and wear properties of the developed
hybrid composites were improved when compared to the un-
treated ones.

ii. as the number of curing days increases, the properties of the
developed composite improved except in the case of tensile
strength where a reduction was observed.

iii. 0.5 wt.% UJF/ESP had the least performance of all the composites
developed. However, 2.5 wt. % TJF/ESP sample had the optimum
performance out of all the hybrid composites developed.

v. JF and ESP are suitable reinforcing materials in cement/paper
matrix and can therefore be use in ceiling board application.

vi further research should be carried out on cement/paper matrix
reinforced with other particulates and fibers at higher fiber frac-
tions, for possible improvement in flexural strength of the com-
posite with potential applications in ceiling board, and wall
partitioning.

Declarations

Author contribution statement

Adediran, A.A & Adesina, O.S: Analyzed and interpreted the data;
Wrote the paper.

Balogun O. A & Akinwande A. A: Conceived and designed the ex-
periments; Performed the experiments; Analyzed and interpreted the
data; Contributed reagents, materials, analysis tools or data; Wrote the
paper.

Olasoju O. S: Contributed reagents, materials, analysis tools or data;
Wrote the paper.
14
Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.
Competing interest statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.

Acknowledgements

The authors appreciate the Department of Metallurgical andMaterials
Engineering, Federal University of Technology, Akure, Nigeria, and
Landmark University Centre for Research, Innovation, and Development
(LUCRID) for their support.

References

[1] M. Musa, R. Amirudin, I. Mohamad, Housing delivery problems in developing
counties: a case study of Nigeria, J. Facil. Manag. 14 (4) (2016) 315–329.

[2] J. Morel, M.I. Mesbah, M. Oggero, P. Walker, Building houses with local materials:
means to drastically reduce environmental impact of construction, Build. Environ.
36 (10) (2001) 1119–1126.

[3] P. Akanni, A. Oke, O. Omotilewa, Implication of rising cost of building materials in
Lagos State Nigeria, SAGE Open 4 (4) (2014) 1–7.

[4] C. Agayi, O. Karakayaci, The role of changing housing policies in housing
affordability and accessibility in developing countries: the case of Kenya,
J. Contemp. Urban Affairs (JCUA) 4 (2) (2019) 49–58.

[5] L. Hughes, Biological consequences of global warming: is the signal already
apparent? Trends Ecol. Evol. 15 (2) (2000) 56–61.

[6] J.-B. Huang, S.-W. Wang, Y. Luo, Z.-C. Zhao, X.-Y. Wen, Debate on the causes of
global warming, Adv. Clim. Change Res. 3 (1) (2012) 38–44.

[7] W. Bao, Low carbon economy and sustainable energy development in rural areas of
Sichan Province, China, Adv. Mater. Res. 476–478 (2012) 824–827.

[8] P. Stern, K. Janda, L. Linda, E. Vine, L. Lutzenhiser, Opportunities and insight for
reducing fossil fuel consumption by households and organizations, Nat. Energy 1
(5) (2016) 1–6.

[9] C. Ververis, K. Georghiou, D. Danielidis, D.G. Hatzinikolaou, P. Santas, R. Santas,
V. Corleti, Cellulose, hemicelluloses, lignin and ash content of some organic
materials and their sustainability for use as paper pulp supplements, Bioresour.
Technol. 98 (2) (2007) 296–301.

[10] S. Byadgi, P.B. Kalburgi, Production of biethanol waste from newspaper, Proc.
Environ. Sci. 35 (2016) 555–562.

[11] S. Taiwo, A. Adediran, O. Mathew, Design and fabrication of waste paper recycling
machine for laboratory and medium scale operation, J. Prod. Eng. 22 (2019) 19–24.

[12] L. Adua, Y. Wang, C. Chen, H. Bai, Reducing fossil fuel consumption in the
household sector by enabling technology and behavior, Energy Res. Soc. Sci. 60
(2020).

[13] J. Seppala, T. Heinonen, T. Pukkala, A. Kilpelainen, T. Mattila, T. Myllyviita,
A. Antti, H. Peltola, Effect of increased wood harvesting and utilization on required
green house gas displacement factor of wood-based products and fuels, J. Environ.
Manag. 247 (2019) 580–587.

http://refhub.elsevier.com/S2405-8440(20)31356-6/sref1
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref1
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref1
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref2
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref2
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref2
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref2
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref3
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref3
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref3
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref4
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref4
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref4
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref4
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref5
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref5
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref5
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref6
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref6
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref6
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref7
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref7
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref7
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref7
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref8
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref8
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref8
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref8
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref9
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref9
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref9
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref9
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref9
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref10
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref10
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref10
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref11
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref11
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref11
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref12
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref12
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref12
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref13
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref13
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref13
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref13
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref13


A.A. Adediran et al. Heliyon 6 (2020) e04512
[14] B. Fuller, A. Fafitis, J. Santamaria, Structural properties of a new material made of
waste paper, WIT Trans. Model. Simulat. 46 (2006) 1–16.

[15] M. Lindner, Factors affecting the hygroexpansion of paper, J. Mater. Sci. 53 (2018)
1–26.

[16] A.A. Adediran, K. Aleneme, I. Oladele, E. Akinlabi, Structural characterization of
Silica based carbothermal derivatives of rice husk, Proc. Manuf. 35 (2019)
436–441.

[17] A. Mani, S. Rajakumar, A review on natural fiber and its characteristics, Ind. Eng. J.
13 (3) (2020) 1–12.

[18] F. Kesikidou, M. Stefanidou, Natural fiber-reinforced mortars, J. Build. Eng. 25
(2019) 100786.

[19] M. Machaka, H.S. Basha, A. Elkordi, The effect of using fan palm natural fibers on
the mechanical properties and durability of concrete, Int. J. Mater. Sci. Eng. 2 (2)
(2014) 76–80.

[20] S. Alix, E. Philip, A. Bessadok, L. Lebrun, C. Morvan, S. Marais, Effect of chemical
treatments on water sorption and mechanical properties of flax fibers, Bioresour.
Technol. 100 (20) (2009) 4742–4749.

[21] E. Momoh, A. Osofero, Recent developments in the application of oil palm fibers in
cement composites, Front. Struct. Civ. Eng. 14 (2020) 94–108.

[22] E.U. Akubueze, C. S Ezeanyanaso, S.O. Muniru, C.C. Igwe, G.O. Nwauzor, U. Ugoh,
I.O. Nwaze, O. Mafe, F.C. Nwaeche, Reinforcement of plaster of Paris (POP) for
suspended ceilings applications using kenaf bast fibre, Curr. J. Appl. Sci. Technol.
36 (6) (2019) 1–6.

[23] I.O. Oladele, A.D. Akinwekomi, S. Aribo, A.K. Aladenika, Development of fibre
reinforced cementitious composite for ceiling application, J. Miner. Mater. Char.
Eng. 8 (8) (2009) 583–590.

[24] S. Beddu, M. Mohd Zainoodin, Z. Che Muda, N. Kamal, D. Mohamad, F. Mohamed
Nazri, S. Naganathan, N. Md. Husain, S. Sadon, Investigation of natural fibers as
ceiling materials, Proc. AICCE’19 (2020) 1239–1244.

[25] ASTM D 689-17, Standard Test Method for Internal Tearing Resistance of Paper,
ASTM International, West Conshohocken, PA, 2017. www.astm.org.

[26] ISO 2758, Paper - Determination of Bursting Strength, International Organization
for Standardization, Geneva, Switzerland, 2014. www.iso.org.

[27] ISO 536, Paper and Board - Determination of Grammage, International
Organization for Standardization, Geneva, Switzerland, 2019. www.iso.org.

[28] ASTM E1269-11, Standard Test Method for Determining Specific Heat Capacity by
Differential Scanning Calorimetry, ASTM International, West Conshohocken, PA,
2018. www.astm.org.

[29] ISO 5267-2, Pulps - Determination of Drainability - Part 2: “Canadian Standard”
Freeness Method, International Organization for Standardization, Geneva,
Switzerland, 2001. www.iso.org.

[30] ASTM E1225-13, Standard Test Method for Thermal Conductivity of Solids Using
Guarded-Comparative-Longitudinal Heat Flow Technique, West Conshohocken, PA,
2013. www.astm.org.

[31] ISO 4119, Pulps - Determination of Stock Concentration, International Organization
for Standardization, Geneva, Switzerland, 1995. www.iso.org.

[32] ASTM C1585-13, Standard Test Method for Measurement of Rate of Absorption of
Water by Hydraulic-Cement Concrete, ASTM International, West Conshohocken,
PA, 2013. www.astm.org.

[33] ASTM D 2395-17, Standard Test Method for Density and Specific Gravity (Relative
Density) of Wood and Wood-Based Materials, ASTM International, West
Conshohocken, PA, 2017. www.astm.org.

[34] ASTM C 596-18, Standard Test Method for Drying Shrinkage of Mortars Containing
Hydraulic Cement, ASTM International, West Conshohocken, PA, 2018. www
.astm.org.

[35] ASTM C39/C39M-20, Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimen, ASTM International, West Conshohocken, PA,
2020. www.astm.org.

[36] ASTM 293/C293M, Standard Test Method for Flexural Strength of Concrete (Using
Simple Beam with Center-Point Loading), ASTM International, West Conshohocken,
PA, 2016. www.astm.org.

[37] ASTM C1583/C1583M-20, Standard Test Method for Tensile Strength of Concrete
Surfaces and the Strength or Tensile Strength of Concrete Repair and Overlay
Materials by Direct Tension (Pull-Off Method), ASTM International, West
Conshohocken, PA, 2020. www.astm.org.

[38] ASTM C496-17, Standard Test Method for Splitting Tensile of Cylindrical Concrete
Specimen, ASTM International, West Conshohocken, PA, 2017. www.astm.org.

[39] ASTM D4812-19, Standard Test Method for Unnotched Cantilever Beam Impact
Resistance of Plastics, ASTM International, West Conshohocken, PA, 2019. www
.astm.org.

[40] ASTM E-384-17, Standard Test Method for Micro Indentation of Hardness of
Materials, ASTM International, West Conshohocken, PA, 2017. www.astm.org.

[41] ASTM C944/C944M-19, Standard Test Method for Abrasion Resistance of Concrete
or Mortal Surfaces by Rotating-Cutter Method, ASTM International, West
Conshohocken, PA, 2019. www.astm.org.

[42] I.O. Oladele, B.A. Makinde-Isola, A.A. Adediran, M.O. Oladejo, A.F. Owa,
T.M.A. Olayanju, Mechanical and wear behaviour of pulverized poultry eggshell/
sisal fiber hybrid reinforced epoxy composites, Mater. Res. Express 7 (2020) 1–12,
045304.

[43] I. Ikramullar, S. Rizal, S. Thalib, S. Huzni, Hemicellulose and lignin removal on
typha fiber by alkali treatment, IOP Conf. Ser. Mater. Sci. Eng. 352 (2018), 012019.

[44] L. Mohammed, M.N.M. Ansari, G. Pua, M. Jawaid, M.S. Islam, A review on natural
fibre reinforced polymer composite and its applications, Int. J. Polym. Sci. 2015
(2015) 1–15.

[45] R. Vijayan, A. Krishnamoorthy, Review on natural fiber reinforced composites,
Mater. Today: Proc. 16 (2) (2019) 897–906.
15
[46] B. Pejic, M. Kostic, P. Skundric, J. Praskalo, The effect of hemicelluloses and lignin
removal on water uptake behavior of hemp fibers, Bioresour. Technol. 99 (2008)
7152–7159.

[47] M.A. Norul Izani, M.T. Paridah, U.M.K. Anwar, M.Y. Mohd Nor, P.S. H’ng,
Effect of fiber treatment on the morphology, tensile and thermogravimetric
analysis of oil palm empty fruit bunches fiber, Compos. B Eng. 45 (1) (2013)
1251–1257.

[48] T. Tracz, T. Zdeb, Effect of hydreation and carbonation progress on the porosity and
permeability of cement pastes, Materials 12 (1) (2019) 1–20.

[49] R. Ahmad, R. Hamid, S.A. Osman, Physical and chemical modifications of plant
fibers for reinforcement in cementitious composites, Adv. Civ. Eng. 2019 (2019)
1–8.

[50] A. Mohammadzadeh, M. Barletta, A. Gisario, Manufacturing of cellulose-based
paper: dynamic water absorption before and after fiber modifications with
hydrophobic agents, Appl. Phys. A 126 (5) (2020) 1–11.

[51] D. Ray, B.K. Sarkar, R.K. Basak, A.K. Rana, Study of the thermal behavior of alkali-
treated jute fibers, J. Appl. Polym. Sci. 85 (12) (2002) 2594–2599.

[52] A.A. Owodunni, J. Lamaming, R. Hashim, O. Folahan, A. Taiwo, M.H. Hussin,
M.H.M. Kassim, Y. Bustami, O. Sulaimon, M.H.M. Amini, S. Hizirogli, Properties of
green particle board manufactured from coconut fiber using a potato starch based
adhesive, Bioresources 15 (2) (2020) 2279–2292.

[53] A. Kumar, A. Srivastava, Preparation and mechanical properties of jute fiber
reinforced epoxy composites, Ind. Eng. Manag. 6 (4) (2017) 1–4.

[54] T.C. Carter, The hen’s egg: density of eggshell and egg contents, Br. Poultry Sci. 9
(3) (1968) 265–271.

[55] Typical Density and Bulk of Paper, Retrieved 09-05-2020, https://Paperonwe
b.com/density.htm.

[56] N.F. Adul Aziz, I. Azmi, Z. Ahmad, R. Dahan, Effect of fiber treatment on the fiber
strength of kenaf bast fiber as reinforcing material in polymer composite, Adv.
Mater. Res. 795 (2013) 360–366.

[57] A.H. Iswanto, I. Azhar, A. Susilowati, A. Supriyanto, A. Ginting, Effect of wood
shaving to improve the properties of particleboard made from sorghum bagasse, Int.
J. Mater. Sci. Appl. 5 (2) (2016) 113–118.

[58] Y.D. Shermale, M.B. Varma, Properties of papercrete concrete: building material,
IOSR J. Mech. Civ. Eng. 14 (2) (2017) 27–32.

[59] M.J. Munir, S. Abbas, M.L. Nehdi, S.M. S Kazmi, A. Khitab, Development of eco-
friendly fired clay bricks incorporating recycled marble powder, J. Mater. Civ. Eng.
30 (5) (2018) 1–11.

[60] H. Zaki, I. Gorgis, S. Salih, Mechanical properties of papercrete 162, MATEC Web of
Conferences, 2018, p. 2016.

[61] ASTM C 209, Standard Test Methods for Cellulosic Fiber Insulating Board, ASTM
International, West Conshohocken, PA, 2020. www.astm.org.

[62] Z. Hussein, W. Khalil, H. Ahmed, Shrinkage and impact strength of fiber-reinforced
artificial lightweight aggregate concrete, IOP Conf. Ser. Mater. Sci. Eng. 671 (2020)
12079.

[63] N. Benmansour, B. Agoudjil, A. Gherabli, K. Abdelhak, A. Boudenne, Thermal and
mechanical performance of natural mortal reinforced with date palm fibers for use
as insulating materials in building, Energy Build. 81 (2014) 98–104.

[64] R. Agrawal, N. Saxena, M. Sreekala, S. Thomas, Effect of treatment on the thermal
conductivity and thermal diffusivity of oil-palm-fiber-reinforced
phenolformaldehyde composite, J. Polym. Sci. B Polym. Phys. 38 (7) (2000)
916–921.

[65] S.O. Obam, Properties of saw-dust, paper and starch composite ceiling board, Am. J.
Sci. Ind. Res. 3 (5) (2012) 300–304.

[66] J. You, J. Zhou, Y. Xiao, H. Yang, Y. Yang, Effect of curing age on material
properties of autoclaved light weight concrete wallboard, Conf. Series: Earth
Environ. Sci. 440 (2020) 12079.

[67] V. Kodur, M. Sultan, Effect of temperature on thermal properties of high strength
concrete, J. Mater. Civ. Eng. 15 (2) (2003) 101–107.

[68] M.S. Teja, M.V. Ramana, D. Sriramulu, C.J. Rao, Experimental investigation of
mechanical and thermal properties of sisal fiber reinforced composite and effect of
sic filler material, IOP Conf. Ser. Mater. Sci. Eng. 149 (2016) 1–10, 012095.

[69] M. Florea, H.J.H. Brouwers, Chloride binding related to hydration products: Part I:
ordinary Portland cement, Cement Concr. Res. 42 (2) (2012) 282–290.

[70] K. Olejnik, B. Skalski, A. Stanislawska, A. Wysocha-Robak, Swelling Properties and
Generation of Cellulose Fines Originating from Kraft Bleached Pulp Refined under
Different Operating Conditions 24 (2017) 3955–3967.

[71] H. Zaki, S. Salih, I. Gorgis, Characteristics of paper-cement composite, Univ.
Baghdad Eng. J. 25 (4) (2019) 122–138.

[72] I.O. Oladele, B. Makinde-Isola, I. Ogie, A. Olawale, S. Taiwo, Development of
natural fiber reinforced cement/waste paper pulp composite for structural
application, Leonardo Electron. J. Pract. Technol. 33 (2019) 1–14.

[73] G. Cantero, A. Arbelaiz, R. Llano-Ponte, I. Mondragon, Effect of fiber treatment on
wettability and mechanical behaviour of flax/polypropylene composite, Compos.
Sci. Technol. 63 (9) (2003) 1247–1254.

[74] F. Sheikh Kalid, J.M. Irwan, M.H. Ibrahim, N. Othman, S. Shahidan, Splitting tensile
and pull out behaviour of synthetic waste as fiber reinforced concrete, Construct.
Build. Mater. 171 (2018) 54–64.

[75] H. Danso, D. Martison, M. Ali, J. Williams, Effect of fiber aspect ratio on the
mechanical properties of soil building blocks, Construct. Build. Mater. 86 (2015)
314–319.

[76] A. Bledzki, W. Zhang, A. Chate, Natural-fiber-reinforced polyurethane microfoams,
Compos. Sci. Technol. 61 (16) (2001) 2405–2411.

[77] A. Hindu, T. Ali, A. Habib, Effect of fiber length of steel fiber waste tires on splitting
tensile of concrete, MATEC Web Conf. 276 (2019) 1003.

http://refhub.elsevier.com/S2405-8440(20)31356-6/sref14
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref14
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref14
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref15
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref15
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref15
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref16
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref16
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref16
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref16
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref17
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref17
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref17
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref18
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref18
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref19
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref19
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref19
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref19
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref20
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref20
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref20
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref20
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref21
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref21
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref21
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref22
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref22
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref22
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref22
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref22
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref23
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref23
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref23
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref23
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref24
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref24
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref24
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref24
http://www.astm.org
http://www.iso.org
http://www.iso.org
http://www.astm.org
http://www.iso.org
http://www.astm.org
http://www.iso.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref42
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref42
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref42
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref42
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref42
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref43
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref43
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref44
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref44
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref44
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref44
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref45
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref45
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref45
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref46
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref46
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref46
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref46
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref47
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref47
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref47
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref47
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref47
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref48
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref48
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref48
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref49
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref49
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref49
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref49
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref50
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref50
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref50
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref50
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref51
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref51
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref51
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref52
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref52
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref52
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref52
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref52
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref53
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref53
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref53
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref54
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref54
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref54
https://Paperonweb.com/density.htm
https://Paperonweb.com/density.htm
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref56
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref56
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref56
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref56
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref57
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref57
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref57
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref57
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref58
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref58
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref58
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref59
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref59
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref59
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref59
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref60
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref60
http://www.astm.org
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref62
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref62
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref62
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref63
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref63
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref63
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref63
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref64
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref64
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref64
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref64
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref64
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref65
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref65
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref65
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref66
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref66
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref66
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref67
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref67
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref67
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref68
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref68
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref68
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref68
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref69
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref69
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref69
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref70
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref70
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref70
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref70
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref71
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref71
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref71
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref72
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref72
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref72
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref72
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref73
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref73
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref73
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref73
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref74
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref74
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref74
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref74
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref75
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref75
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref75
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref75
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref76
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref76
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref76
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref77
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref77


A.A. Adediran et al. Heliyon 6 (2020) e04512
[78] D. Paul, C. Gnanendran, Effect of curing time on the tensile characteristics of
stabilized granular base materials, in: 4th Conference on Geotechnical and
Geophysical Site Characterization, at Porto de Galinhas, Brazil, 2012.

[79] H. Alamri, I.M. Low, Effect of water absorption on the mechanical properties of n-
sic filled recycled cellulose fibre reinforced epoxy eco-nanocomposites, Polym. Test.
31 (6) (2012) 810–818.

[80] U.E. Ekpunobi, E.C. Ohaekenyem, A.S. Ogbuagu, E.N. Orjiako, The mechanical
properties of ceiling board produced from waste paper, Br. J. Appl. Sci. Technol. 5
(2) (2014) 166–172.

[81] H. Green, Impact strength of concrete, Proc. Inst. Civ. Eng. 28 (3) (1964) 383–396.
[82] H. Chen, W. Zhang, X. Wang, H. Wang, Y. Wu, T. Zhong, B. Fei, Effect of alkali

treatment on wettability and thermal stability of individual bamboo fibers, J. Wood
Sci. 64 (2018) 398–405.

[83] W. Li, Burst process of stretched fiber bundles, Phys. Rev. E 50 (5) (1994)
3797–3807.
16
[84] O. Daramola, A. Akinwekomi, A. Adeniran, O. Akindote-White, R. Sadiku,
Mechanical performance and water uptake behaviour of treated bamboo fibre-
reinforced high-density polyethylene composites, Heliyon 5 (7) (2019), e02028, 1-6.

[85] S. Saunders, Hardness measurement, in: E. Mainsah, J.A. Greenwood,
D.G. Chetwynd (Eds.), Metrology and Properties of Engineering Surfaces, Springer,
Boston, MA, 2001, pp. 305–322.

[86] I. Oladele, I.I. Oghie, A. Adediran, A. Akinwekomi, Y. Adetula, O. Tajudden,
Modified palm kernel shell fiber/particulate cassava peel hybrid reinforced epoxy
composites, Res. Mater. 5 (2019) 1–7, 100053.

[87] N. Cordeiro, M. Ornelas, A. Ashori, S. Sheshmani, H. Norouzi, Investigation on the
surface properties of chemically modified natural fibers using inverse gas
chromatography, Carbohydr. Polym. 87 (4) (2012) 2367–2375.

http://refhub.elsevier.com/S2405-8440(20)31356-6/sref78
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref78
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref78
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref79
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref79
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref79
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref79
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref80
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref80
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref80
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref80
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref81
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref81
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref82
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref82
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref82
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref82
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref83
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref83
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref83
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref84
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref84
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref84
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref85
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref85
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref85
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref85
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref86
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref86
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref86
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref86
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref87
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref87
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref87
http://refhub.elsevier.com/S2405-8440(20)31356-6/sref87

	Influence of chemical treatment on the properties of cement-paper hybrid composites for ceiling board application
	1. Introduction
	2. Materials and method
	2.1. Materials
	2.1.1. Processing of the jute fiber
	2.1.2. Processing of eggshell
	2.1.3. Production of paper pulp

	2.2. Mould dimensions
	2.3. Composites development
	2.4. Preliminary characterization of samples
	2.5. Test method for physical properties
	2.5.1. Porosity and water absorption
	2.5.2. Bulk density
	2.5.3. Linear shrinkage and volumetric

	2.6. Test method for thermal properties
	2.6.1. Thermal conductivity
	2.6.2. Specific heat capacity

	2.7. Test method for mechanical properties
	2.7.1. Compressive strength
	2.7.2. Flexural strength
	2.7.3. Tensile strength
	2.7.4. Split tensile strength
	2.7.5. Impact resistance
	2.7.6. Bursting strength
	2.7.7. Hardness

	2.8. Wear behaviour
	2.9. Material characterization

	3. Result and discussion
	3.1. Preliminary analysis
	3.1.1. Elemental composition of particulate eggshell
	3.1.2. Compositional analysis of paper, jute fiber, and morphology of jute fiber

	3.2. Physical properties
	3.2.1. Porosity
	3.2.2. Water absorption
	3.2.3. Bulk density
	3.2.4. Linear shrinkage
	3.2.5. Volumetric shrinkage

	3.3. Thermal properties
	3.3.1. Thermal conductivity
	3.3.2. Specific heat capacity

	3.4. Mechanical properties
	3.4.1. Compressive strength
	3.4.2. Flexural strength
	3.4.3. Direct tensile strength
	3.4.4. Splitting tensile
	3.4.5. Impact strength
	3.4.6. Bursting strength
	3.4.7. Hardness

	3.5. Wear loss index
	3.6. Morphological evaluation of composites developed

	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


