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Abstract

In the midst of challenges facing affordable, safe and sustainable housing development, there is a continuous increase in the
vast amounts of carton papers, melon seed husks, and groundnut shells discarded as waste materials. This is of great con-
cern, especially, as such residues are under-utilised and their improper disposal creates grave problems. Thus, this work was
designed to assess the feasibility of solving the emerging problems by valorising the said wastes into value-added products
that can be used for building construction. Samples containing varying weight proportions of waste carton paste (WCP) and
melon seed husk (MSH) were developed using Topbond as binding agent. Other samples were similarly fabricated but with
groundnut shell (GNS) as a component. From the results of tests performed to investigate strength and heat transfer behav-
iour of each developed sample, it was observed that nailability remained 100% irrespective of the composite formulations
adopted. In other cases, the test results varied according to WCP loadings. Though samples containing MSH appeared to be
more efficient than their counterparts with GNS content for thermal insulation, the observed differences in the results were
statistically insignificant. Aside being sustainable and inexpensive, it was found generally that the afore-mentioned wastes
are promising alternative raw materials for production of medium-density panels that are environmentally-friendly and also
suitable for use as either ceiling or interior partition boards for effective thermal insulation in buildings. Such undertakings
have the potential to minimise the adverse effects that could be caused by the wastes in question.
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1 Introduction
Novelty Statement

Packaging of melons or groundnuts for wholesale is mostly
done in cartons made of paper, which are usually discarded then
after as waste materials. Due to growing importance and high
consumption of melon and groundnut, vast amount of residues
generated after processing of the crops remain under-utilised and

Agriculture is a critical sector of a nation’s economy and it
plays several significant roles among which include pov-
erty reduction (through creation of employment opportuni-

the current strategies for disposal of municipal solid wastes in
developing countries are inefficient. This leads to open burning,
indiscriminate dumping or unplanned landfilling of the wastes,
thereby requiring an urgent need to consider more efficient
routes for valorising the wastes in question. Production of value-
added products from waste carton paper, melon seed husks, and
groundnut shells is proposed. The developed composite panels
are suitable for use as ceiling or interior partition boards in

order to ensure effective thermal insulation/minimisation of the
adverse effect caused by climate change in buildings. Such waste
valorisation is a promising alternative for solving the problems
associated with disposal of the solid wastes and is first reported in
this study.
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ties), income generation, and improvement of food secu-
rity. With the introduction of technological innovations
into farming operations, there have been various unprec-
edented breakthroughs in yields as far as crop production
is concerned. In this regard, leguminous plants are not
left out. One crop that has gained prominence under this
consideration is melon (Citrullus colocynthis L.), a cash
crop that originates from the Middle East to the Mediter-
ranean and belongs to the family known as Cucurbitaceae.
In their study, Giwa and Akanbi (2020) observed that the
high yield of crop is strongly linked to the species culti-
vated as well as cultural and agricultural practices involved
in its production. On the global scale, it was reported that
576,000 tons of egusi melon seeds were produced in 2002
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out of which Nigeria, Cameroon, Sudan, DR Congo, Central
Africa Republic, Chad, and China accounted for 347,000
tons, 57,000 tons, 46,000 tons, 40,000 tons, 23,000 tons,
20,000 tons, and 25,000 tons respectively (Adebayo and
Yusuf 2015). By producing 585,347 tons of melon seeds
in 2018, as captured in Food and Agricultural Organisa-
tion of the United States Statistics (FAOSTAT), Nigeria has
been ranked as the highest producer with 60% increase in
the global melon seed production (FAOSTAT 2018). Also,
increase in overall global production of melon was found to
be 0.33% from 2008 to 2009 and 24% since 2001 (Nkansah
et al. 2012).

Another leguminous oilseed crop of great importance and
typical high yield is groundnut (Arachis hypogaea L.). This
cash crop is commonly referred to as “king of oil seeds” and
itis grown in over 100 countries worldwide (Madhusudhana
2013). As of 2012, groundnut was grown on nearly 24.6 mil-
lion hectares and the yield amounted to 41.3 million tons
with China, India, Nigeria, USA, and Myanmer leading in
the production globally (Ajeigbe et al. 2014). Research report
has it that groundnuts can generate modest yields even under
unfavourable conditions where other crops may not succeed
(Ojiewo et al. 2020). The information made available by
Tiwari (2019) revealed improvement in the yield of ground-
nut from 1095 kg per hectare to 2071 kg per hectare with the
likelihood of increased production from 3.73 million tons in
2018 to 5.1 million tons in 2019.

While being low priced commodities, several benefits can
be derived from melon and groundnut seeds. For instance,
melon seeds are good/rich sources of protein (Ann et al. 2016;
Patel and Rauf 2017; Olubi et al. 2019) and they are com-
monly used for preparation of food. Besides, the oil extract
from melon seeds is very useful for nutritional (Mabaleha
et al. 2007; Jarret and Levy 2012), medicinal (Oluba et al.
2011; Chen et al. 2012; Xu et al. 2016), and industrial (Lawal
et al. 2012; Isaac and Ekpa 2014) purposes. It can, as well, be
used to produce biodiesel fuel (Giwa et al. 2010, 2014; Fadhil
2013) and pesticides (Nzelu and Okonkwo 2016). Similarly,
studies conducted on nutritional chemistry showed that
groundnut is rich in zinc and protein and it remains a valuable
source of essential nutrients (Madhusudhana 2013; Settaluri
et al. 2012; Toomer 2018). Within food manufacturing indus-
try, this has necessitated the crushing of around 50% of the
world’s groundnut production into groundnut oil used either
for cooking or as an ingredient in final food products such
as chocolate/confectionery, butter, baked goods and sauces.

It has been observed that when transporting melons
or groundnuts for wholesale, packaging is mostly done
in cartons made of paper and such cartons are then after
discarded as waste materials. Also, during processing of
the crops, large quantities of residues like husks (in the
case of melon) and shells (in terms of groundnuts) are
produced every year. From agricultural sources, these
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residues constitute a greater part of the wastes gener-
ated. Aji et al. (2018) noted in their work that groundnut
seeds, from which the shells are extracted, constitute 65%
to 755 of the pod (outer layer of groundnut). Notably,
in trying to reduce the volume of the aforementioned
wastes generated, efforts have been made and focussed
on re-using or transforming each of them for some
beneficial purposes as clearly stated in the reports
of Okieimen and Onyenkpa (1989), Foo and Hameed
(2012), Kimeng et al. (2015), Okorie et al. (2020), and
Aitokhuehi (2016). However, due to growing importance
and hence, high consumption of melon and groundnut,
there are accompanying increases in their production
which equally lead to under-utilisation of vast amounts
of the residues generated after processing the crops
(World Watch Institute 2017; Duc et al. 2019). The fact
that current strategies for the disposal and management
of municipal solid wastes in developing countries are
not only inefficient, but also unsustainable and devoid
of environmental friendliness result in open burning,
indiscriminate dumping, or unplanned landfilling of the
wastes by agricultural-based industries and individuals.
Certainly, such disposal practices create grave problems
like posing of environmental nuisance, exacerbation of
greenhouse gas prevalence, degradation of agricultural
soil, and so on, thereby requiring an urgent need to con-
sider more efficient routes for valorising the wastes in
question. Thus, this work is designed to develop com-
posite panels using melon seed husks, groundnut shells,
and waste carton papers and then assess the suitability
of using the fabricated materials for structural applica-
tions. As per the authors' information, such attempt has
not been reported in the literature. It is, therefore, hoped
that findings from this work will have a great deal of
usefulness especially in the current scenario of sustain-
able development with the proposal to reduce wastes in
food service sectors and industries, and also minimise the
adverse effect of climate change.

2 Experimental Work
2.1 Materials

Melon seed husks, groundnut shells, and waste carton
papers were utilised as raw materials in this study. Each
of these materials was obtained in a large quantity from
various sources including open markets, shops, dump-
sites, and fruits/food vendors within Uyo Local Govern-
ment Area, Akwa Ibom State, Nigeria, lying between
latitude 4°32°” and 5°33”’ North and longitude 7°35”’
and 8°25”’ East.
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2.2 Processing of the As-Collected Materials

After the surfaces of the waste carton papers had been cleaned
to remove dirts from them by means of a hard shoe brush,
shredding was done using scissors. The carton pieces obtained
were soaked in warm water at 45 °C for 24 h in order to soften
them. On removal from the water, the soaked material was
squeezed lightly (to remove excess water from it) and then
pounded into paste. The paste formed was subjected to con-
tinuous sun-drying and weighing until no further reduction
in its weight was observed. Also, the melon seed husks and
groundnut shells were initially and separately washed in warm
water to remove sand and any other accompanying impuri-
ties from them. This was followed by complete sun-drying of
the washed materials before each of them was comminuted
with the aid of Agate mortar and pestle. Apart from the prime
benefit of having a great control on the grinding and crushing
like activities, using Agate mortar and pestle (instead of a
grinder) ensured reduction in the level of impurities that might
be introduced into the sample during grinding. After that, the
particles were screened in each case using a 1.68 mm stand-
ard sieve. A reasonable quantity of each sieved material was
subjected to compositional analysis of the lignocellulosic con-
tents following the Technical Association of Pulp and Paper
Industry (TAPPI) Standards T-203 and T-222 as reported by
Johar et al. (2012), Bano and Negi (2017). Figure 1 shows
the processed forms of the raw materials used to fabricate the
samples to be subjected to various tests.

2.3 Fabrication of Test Samples

In this study, hand lay-up technique was employed to develop
boards from the processed raw materials and use them as test
samples. Various weight proportions of the melon seed husk
were thoroughly mixed with the waste carton paste and topbond
(General purpose white glue manufactured by PURECHEM
Ltd) was used as binding agent at 80% by weight of the sample
composition. The resulting mixtures were then cast into sepa-
rate moulds. Adequate compaction of each cast was performed
using a laboratory-made compaction machine maintained at
SkN for 3 h before the boards were removed from their respec-
tive moulds. The same procedure was adopted to develop boards

Fig. 1 Processed forms of the
raw materials. (a) Waste carton
paste (b) Melon seed husks
(sieved) (¢) Groundnut shells
(sieved)

using similar proportions of the waste carton paste but with
the groundnut shells. In both cases, five replicate boards were
developed per formulation and allowed to dry completely in
air to become moisture-free. Samples meant for specific heat
capacity test were formed in moulds of dimensions 100 mm x
100 mm x 6 mm whereas those for other tests were developed
in moulds measuring 300 mm x 300 mm x 15 mm. In all the
cases, aluminium foil paper was placed over each mould cavity
to prevent delamination and enhance quick and easy removal of
the boards. Also, prior to their use as test samples in this work,
the fabricated boards were cut and machined to conform to the
required size and shape for a particular intended test.

2.4 Properties Investigation
2.4.1 Bulk Density

This property indicates the extent to which matter is com-
pacted in a given volume (including void spaces) of a material.
In this work, the mass of each test sample was measured using
a digital balance (S. METTLER HZ-K600g) with resolution
of 0.1 g and the bulk volume of the sample was determined
by modified water displacement method (Robert et al. 2019).
White candle wax discarded as waste was melted and used for
the purpose of coating the surfaces of each test sample. Also,
complete immersion of the coated sample was ensured. By
subtracting the volume of the candle wax coating on the sam-
ple from the volume of the coated sample, the bulk volume of
the test sample was obtained. Then the required density was
calculated as

=5 M

where p = bulk density of the sample, M = mass of the
sample, and V = bulk volume of the sample.

2.4.2 Water Absorption and Thickness Swelling

Since the samples under investigation are porous, there is
no doubt that they can take in water which may get in con-
tact with them while in use. Thus, these tests are necessary
to provide useful information for proper characterisation of
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the samples so as to determine the application(s) for which
they are most suitable in order to perform optimally in such
situation. Before immersion in water, each sample was
weighed using the balance and the thickness was measured
by means of digital vernier callipers. All the samples were
then immersed simultaneously in water at 26 °C. After 24 h,
they were removed from the water and allowed to surface-
dry (by placing them separately on a large sieve for some
seconds, making sure that the excess water on their surfaces
disappeared) before the mass and thickness of each of them
were measured again. The percentage water absorption was
computed using the formula

Mi_MO
WA = [ ———2)100% )
MO

where WA = percentage water absorption of the sample, M|,
= mass of the sample before immersion in the water, and M,
= mass of the sample after immersion in the water.

Similarly, thickness swelling was evaluated as the per-
centage increase in the thickness of each sample, expressed
mathematically, thus

I,—T,
T, = = 100% 3)

0

where T, = thickness swelling of the sample, 7, = thickness
of the sample before immersion in the water, and 7; = thick-
ness of the sample after immersion in the water.

2.4.3 Specific Heat Capacity

This test was performed on the samples using SEUR’S appa-
ratus as described in details elsewhere (Etuk et al. 2020). In
the design of the device used in this work, the inner cavity
was made to accommodate three plates each of thickness
6 mm. These plates were prepared from aluminium sheet,
plywood sheet (brown colour) and test samples (meant for
this test). They were cut into square sizes measuring 60 mm
x 60 mm and used as accessories for heat exchange. For
each test schedule, the aluminium plate was oven-heated at
60 °C before it was transferred by tongs and sandwiched
between the test sample plate and plywood plate. Also, digi-
tal thermometers (Model No. 305) were calibrated and used
for temperature monitoring and measurements by means of
type—K probe. The specific heat capacity of each sample was
determined using the relation

=
= (5% @

where ¢ = specific heat capacity of the sample, O, = quantity
of heat lost by the aluminium plate,Q, = quantity of heat
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gained by the plywood plate,M = sample’s mass, and Af =
rise in temperature of the sample.

2.4.4 Thermal Conductivity, Thermal Diffusivity,
and Thermal Effusivity

The data for thermal conductivity determination were
obtained with the aid of Heat Flow Meter (HFM 100
series) in accordance with the standard procedure stated in
ASTM C518 (2017). This instrument has two heating plates
between which a test sample is placed. Also, it is equipped
with two heat-flux sensors and one is integrated into each
plate to monitor heat flux generated due to temperature dif-
ference between the top and bottom plates at regular inter-
vals. When a steady-state heat flux was observed, the data
gathered were applied to calculate the value of thermal
conductivity of the sample, based on Fourier’s law of one-
dimensional heat transfer, as

_ O
T AAT

&)

where k = thermal conductivity value of the sample, O =
quantity of heat flowing per second, x = sample’s thickness,
A = cross-sectional area of the sample, and AT = difference
in temperature between the surfaces of the sample in contact
with the plates.

The values of thermal conductivity, bulk density, and spe-
cific heat capacity obtained were applied to determine the
corresponding thermal diffusivity, 4 as

i=k
pc

(6)

and also in the computation of thermal effusivity, e as (Marin
2008).

e = \kpc @)

2.4.5 Nailability

This expresses the tendency of a material to allow nail pen-
etration by hammering. It was deemed necessary in this study
since some porous panels/boards cannot withstand nailing as
a method employed to join them to other materials to achieve
the purpose for their procurement. Nailability test was con-
ducted by driving a long nail (of thickness 4 mm) with the
aid of carpenter’s hammer through the thickness of each test
sample. The process was discontinued when either a visible
crack was observed or the pointed end of the nail appeared on
the opposite side of the sample. At that instant, the remaining
length of the nail was measured with a metre rule. The nail-
ability of the sample was then determined as
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n, = (HT‘}’)loo% ®)

where n;, = nailability of the sample, H = total height of
the nail used, and 4 = remaining length of the nail at the
discontinuation of nailing.

2.5 Flexural Strength, Modulus of Elasticity,
and Internal Bond Strength

The data obtained by using three-point bending technique
(ASTM D790 2017) were used to determine the flexural
strength and modulus of elasticity of each sample. For each test
schedule, a test sample was placed on the flexure assembly of a
Computerised Electromechanical Universal Testing Machine
(WDW-10) and then loaded at the middle of the support span
at a test speed of 1 mm/min. The deflection of the sample for
each applied load was taken until the sample failed flexurally.
At that moment, the (maximum) value of load, L applied was
used with the values of span length, d, sample’s width, b, and
thickness, x to calculate the flexural strength, o thus

_ 3Ld
°= ®)

Also, the load and deflection data were graphed to obtain
flexural stress—deflection curve. The slope of the linear por-
tion of the graph was deduced and then used to determine the
modulus of elasticity according to the equation

d*s p (10)
 4bx’
where E = modulus of elasticity of the sample, and S, =
slope of the straight line portion of the stress—deflection
curve.

The internal bond strength, I was determined for each sam-
ple following the approach used by Suleiman et al. (2013).

All the tests were conducted at a temperature of (24+ 1) °C
and relative humidity of (50+2) % and the mean values of the
investigated properties were determined with their standard
error.

3 Results and Discussion

The results of compositional analysis carried out to examine
the proportions of lignocellulosic contents of the melon seed
husk and groundnut shell used in this work are presented in
Table 1. Table 2 shows the mean and corresponding standard
error values of each property examined for the fabricated
samples.

The results in Table 1 show that the proportions of lig-
nocellulosic components are higher in groundnut shell
(GNYS) than in the case of melon seed husk (MSH). Such

Table 1 Chemical Compositions of the melon seed husk and ground-
nut shell

Lignocellulosic contents Proportion (wt %) for each material

Melon seed husk Groundnut shell

Cellulose 14.06 37.94
Hemicellulose 3.18 26.79
Lignin 7.69 19.58

remarkable differences in percentages of same chemical
constituents: cellulose (22.98%), hemicelluloses (23.61%),
and lignin (11.89%) simply portray that although GNS and
MSH are fibres, the extent to which they can perform for a
particular application cannot be the same.

In Table 2, the results show that samples developed with
fractions of MSH have lower bulk density values than their
counterparts containing GNS, thus indicating that MSH is
lighter than GNS. In other words, the quantity of matter
contained in GNS for a particular volume is more than the
amount present in MSH for the same volume, regardless of
location and gravitational force. For that reason, the number
of voids is greater in samples made with MSH as a compo-
nent compared to those developed similarly but with GNS
fractions. Based on the criteria outlined in EN312 (2010) for
classification of particleboards, all the samples fabricated in
this work can be regarded as medium-density panels.

Regarding water absorption, samples with GNS content
show a greater tendency than those containing MSH at simi-
lar levels. Since all the samples contain the same amount
of the binder and were compacted under same conditions,
it is doubtless that the chemical nature of WCP, MSH, and
GNS contributes a great deal to the extent of water absorbed
and retained as exhibited by the samples. To give an idea,
cellulose and hemicellulose contain high hydroxyl groups
and as such, they absorb a lot of water because hydroxyl groups
form bonding readily with water. Though lignin is hydropho-
bic hydrophilic, its percentage in the fibres is far lower than
that of either cellulose or hemicelluloses. This makes MSH
and GNS to be characterised by the hydrophilic nature of
their cellulose and hemicelluloses contents. Even so, it is
obvious that the hydrophilicity of the fibres increases as the
proportion of the cellulose and hemicelluloses they contain
increases. Thus, GNS has a greater affinity for water absorp-
tion because it contains greater percentages of cellulose and
hemicelluloses compared to MSH. However, the percent-
age of water absorption obtained for each of the samples
is observed to be within the allowable limit of 20% to 75%
specified in Standard (2008) as minimum FAO standard for
particleboards. Giiler and Biiytiksary (2011) reported water
absorption of (77.57 £ 6.30)% for Peanut Hull Particleboard
of bulk density 796kgm > recommended for use as insulating
material in building. At bulk density comparable to the said
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Modulus of
elasticity,

Flexural

Internal
bond

Thermal Nailabil-

Thermal dif-
fusivity,

Thermal con-
ductivity,

Specific heat
capacity,

Thickness
swelling,

T,(%)

‘Water

Propor-

Table 2 Results of the tests performed on the fabricated samples
Bulk density,

Composite

mix
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strength,

ity,n,(%)

effusivity,
20107 m2s71) e(Jm=2K=1s='12)

o(N/mm?)  E(N/mm?)

strength,

k(Wm™ K1)

h

absorption,

plkgm™)
WA(%)

tion (wt
%)

cJkg 'K

Iy(N /mm?)

377.33+1.98
662.97+1.74

9.82+0.04
12.68 +0.05
14.87+0.02
16.73 +0.04

8.83+0.03
11.06+0.03
13.00+0.02
14.98+£0.03
16.73+0.04

100.0+0 0.34+0.02

100.0+£0 0.24+0.02 8.77+0.02

7.74+0.13 296.61+2.06

523+0.09 266.81+2.10

1463.33+1.80 0.077+0.002

1504.80+1.83 0.061+0.001

4.162+0.002

787.48+0.64 47.49+0.14 5.761+0.001

33.67+0.23 2.857+0.002
780.79+0.57 39.84+0.21

775.52+0.51

0:100
25:75

WCP:MSH 50:50

942.04 +1.62

100.0+0 0.51+0.03

8.58+0.17 327.67+2.04

0.096 +0.002

1380.12+1.73  0.113+0.001

1420.27 +1.81

1230.38 £1.33

351.96+2.00 100.0+0 0.63+0.02

10.31+0.21

794.31+£0.72 56.04+0.17 7.314+0.001

1504.64 +£1.02

100.0+0 0.75+0.02

1335.32+1.67 0.127+0.001

798.60+0.78 61.06+0.16 8.658+0.002

75:25

324.66+1.83

100.0+0 0.25+0.01

11.91+0.25 368.01+1.97
7.97+0.09 325.88+1.74

1472.13£1.44 0.092+0.001

784.12+0.59 38.50+0.39 4.286+0.002

100:0
0:100

25:75

WCP:GNS  50:50

621.73 +1.66

100.0+0 0.38+0.02

8.74+0.12 33490+1.79

1437.99+1.50 0.099+0.001

787.82+0.64 44.32+0.36 5.403+0.001

916.56 +1.54

100.0+0 0.54+0.02

10.16+0.18 357.60+1.86

1418.47+1.48 0.114+0.001

790.79+0.67 50.03+0.30 6.572+0.001

1215.44+1.29

100.0+0 0.66+0.03

11.01+0.20 361.65+1.91

1370.85+1.59 0.120+0.002

795.08+0.74 57.00+0.22 7.628+0.002

1504.64 +1.02

100.0+0 0.75+0.02

11.91+0.25 368.01+1.97

1335.32+1.67 0.127+0.001

798.60+0.78 61.06+0.16 8.658+0.002

75:25

100:0

value, it can be deduced that the samples investigated in this
work have at least 21.28% water-resisting ability over the
Peanut Hull Particleboard. Figure 2 illustrates that the bulk
density and water absorption of the samples increase with
increasing proportions of WCP used. This is possible because,
among the fibres utilised in developing the composite panels
(samples), WCP is the densest and it also has the highest
water-absorbing ability. It could be averred that the panel
made using GNS with 25% content of WCP is as light as the
one that contains equal fractions of WCP and MSH.

It is understood that WCP, MSH, and GNS are porous
materials and so are the samples fabricated using them.
Therefore, there is possibility that the absorbed water
accommodates in the existing pores in the samples and
causes swelling of the added lignocelluloses materials which
in turn affects the thickness of each sample. As such, thick-
ness swelling in this case is basically material-dependent. In
line with water absorption phenomenon, it can be empha-
sised that the more hydrophobic a material is, the less thick-
ness swelling it will exhibit and contrariwise. It is evident
from the results that, for the samples developed with one
particular fibre in this work, the highest value of thickness
swelling is obtained in the case of the sample containing
WCP whereas the lowest value of such property is got for the
sample that contains MSH. This observation is strongly sup-
ported by the ranking in hydrophilicity of the fibres, show-
ing that WCP takes the lead followed by GNS and then the
MSH. Besides, it agrees excellently with the assertion by De
Souza et al. (2011) that high thickness swelling is expected
from high water absorption. That, as well, is in tandem with
the report of Shukla and Kamdem (2009) that a direct rela-
tionship exists between thickness swelling and water absorp-
tionof laminated veneer lumber made from yellow-poplar.
By implication, incorporation of either MSH or GNS into
WCP is a promising way of minimising moisture build-up
in the fibre-binder interface, thereby reducing the thickness

805 —

Bulk density (WCP:MSH)

800 e Water absorption (WCP:MSH) 5 7
Bulk density (WCP:GNS) e )
795 Water absorption (WCP:MSH)

790 —F

785 o

Bulk density (kgm™

780 o

775 o

R R

T T T T T T
0 20 40 60 80 100

Proportion of WCP (wt %)

Fig.2 Variations of bulk density and water absorption of the samples
with proportion of WCP
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swelling tendency of the WCP in the developed panels. The
maximum thickness swelling for a 24-h immersion is stipu-
lated to be 15% for load-bearing particleboards and 14% for
heavy-duty load bearing particleboards (EN312 2010). Also,
25% is specified in ASTM D1037 (2012) as the maximum
thickness swelling value for the same time period in the case
of particleboards meant for general use. Since the informa-
tion got from thickness swelling reflects the stability level
of a panel’s dimensions (Law and Ishak 2010), it can be
adjudged that though each of the samples meets the thick-
ness swelling requirements of the two standards, those made
with various proportions of MSH are more dimensionally
stable than their counterparts containing GNS.

It is evident from the results of specific heat capacity test
that samples made with varying fractions of WCP and MSH
display greater heat storing ability than those fabricated
at similar levels of WCP but with GNS as a component.
Specific heat capacity gives a measure of energy it takes to
change the temperature of a system. Based on the results
presented, it follows that for accomplishment of temperature
rise of a unit mass by one Kelvin, the sample with 100%
content of WCP requires less heat (136.81+2.21)J com-
pared to the sample developed with GNS at 100% level, and
(169.48 +2.48)J less than the amount needed in the case of
sample containing 100% of MSH. At 25%, 50%, and 75%
contents of WCP, the difference noticed in the specific heat
capacity values of the resulting composite panels due to
incorporation of MSH and GNS is 25.34 Jkg~! K™, 1.80
Jkg™!' K7, and 9.27 Jkg~! K~! respectively. Not only that,
utilisation of at least 25% of either MSH or GNS in the
composite mix is observed to yield a sample that has specific
heat capacity value greater than 1340 Jkg~! K~ 'reported by
Vijayalakshmi et al. (2006) for expanded polystyrene foam,
popularly used as structural insulation panel in building
design.

Under given conditions, thermal conductivity is a trans-
port property that expresses the ability of a material to allow
heat transmission through its thickness in a direction per-
pendicular to its cross-sectional surface due to temperature
gradient. In non-metallic solids that are dry and porous like
the samples investigated in this work, the amount of air pre-
sent in the voids within them plays an important role among
the many factors that influence thermal conductivity. The
differing abilities for heat conduction exhibited by the sam-
ples developed with 100% content of the fibres clearly attest
the distinctiveness of the samples from one another on the
basis of their pore sizes. Stating in another way, the said
samples contain interstices which in turn give rise to the void
spaces filled with air. The void spaces then constitute the
pore geometry of each of the samples. Thus, with constancy
of other factors that influence thermal conductivity, the dif-
ferences in the intrinsic nature of the fibres bring about
non-uniformity in the number of interstices. Eventually, the

volume of air entrapped within a particular sample varies
positively and correlates strongly with the pore size of the
sample. Air is known to be one of the poorest heat trans-
mitters. Taking that into consideration, it could be rightly
averred that the smallest volume of air is enclosed within
the sample containing 100% of WCP whereas the sample
produced with MSH at 100% level contains the largest vol-
ume of entrapped air. Consequently, at similar proportions
of WCP, the values of thermal conductivity obtained for
samples with MSH content are less than those got in the
case of samples with GNS content. However, the thermal
conductivity values of the studied samples are observed to
fall between 0.023 Wm~! K~! and 2.900 Wm™! K~! being
the range recommended by Twidell and Weir (1990) and
Rajput (2015) for heat-insulating and building construc-
tion materials. It can therefore be inferred that, among the
samples investigated in this work, the one that exhibits the
lowest thermal- insulating ability is about 95.62% better than
the least heat-insulating material suitable for building con-
struction purposes.

Since thermal resistivity is the inverse of thermal con-
ductivity, it is obvious from the results that samples contain-
ing various mix proportions of WCP and MSH can perform
better than their counterparts made with GNS for thermal
insulation applications. The above-mentioned influence of
the enclosed air underlines a positive relationship between
bulk density and thermal conductivity for the samples and
this observation is consistent with the findings reported by
Kiran et al. (2012) on Bamboo Mat Board. As a material-
specific property that characterises unsteady heat conduc-
tion, thermal diffusivity relates directly with thermal con-
ductivity and gives a description of how quickly a material
reacts to a change in temperature. With the values obtained
for the samples, it means that incorporation of MSH results
in samples of improved thermal insulation efficiency over
those fabricated by using GNS at similar mix proportions.
In Fig. 3, it can be seen that thermal conductivity and ther-
mal diffusivity of the samples increase as WCP loading
increases. This stems from the fact that WCP has the great-
est ability for heat conduction in addition to the tendency to
allow the heat spread at the fastest rate and propagate tem-
perature variations, compared to MSH and GNS. As earlier
noted, WCP has the smallest number of interstices and that
correlates with the least volume of air enveloped within it.
Therefore, by increasing its loadings in the developed com-
posites, restriction on heat transmission is reduced, resulting
in increased rate of thermal disturbance distribution within
the samples.

As far as thermal waves propagation is concerned and
environmental temperature changes, thermal interaction of
materials with their surroundings is inevitable. In this study,
thermal diffusivity of the samples increases with increasing
fractions of WCP. Composites developed with GNS as a
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Fig.3 Variations of thermal conductivity and thermal diffusivity of
the samples with proportion of WCP

component have greater values than those containing MSH,
thus implying absorption of less heat by the latter in order
to heat up significantly at surface level.

Moreover, the 100% nailability got for the samples indi-
cate the possibility of joining any of them to other suitable
panels by nailing. This is, plausibly, due to the binder (top-
bond) used. For instance, in the work of Okorie et al. (2020),
the composite boards made by incorporating at least 25.6%
of tigernut fibre into waste carton paste and gluing them
using 10% % cassava starch slurry in 0.8 binder to composite
ratio failed to withstand nailing. Like the said tigernut fibre,
MSH or GNS used in this work is refractory but topbond is
a solvent-based adhesive that has a greater bonding strength
than cassava starch slurry. This therefore promotes strong
adhesion of the fibres to WCP and as a result, enables a suc-
cessful nail penetration to be achieved.

The internal bond strength of the samples increases with
increasing proportions of WCP, showing that the ability to
survive perpendicular force, if applied, is enhanced by the
WCP component. As can be seen, the internal bond strength
values obtained for panels with GNS content are slightly
greater compared to those for panels containing MSH of
similar proportions. This may be attributed to a better cross-
linking of cellulose and hemicelluloses contents of GNS par-
ticles in the samples than in the case of utilising MSH. The
samples meet the minimum internal bond strength require-
ment of 0.24 N/mm? stipulated in EN312 (2010) for particle-
boards meant for general purpose. But for interior fitments
or load-bearing purpose, minimum internal bond strength of
0.35 N/mm? is recommended and among the studied sam-
ples, only those that contain WCP with at most 50% of MSH
or 75% of GNS are found to satisfy such conditions.

Variations in other mechanical properties are also
observed between the samples produced with MSH and
those containing GNS. In terms of flexural strength, the
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roughness of GNS surfaces plays a crucial role, causing
samples developed with the fibre to have a greater value
than in the case of samples made with MSH at similar levels.
This is because the rougher surfaces of GNS promote better
adhesion in the composite matrix unlike when MSH is used.
For each of the samples, the flexural strength value obtained
is greater than 0.1 N/mm? reported by Ataguba (2016) for
composite ceiling boards produced from waste newspaper
and rice husk. On the contrary, utilisation of MSH increases
modulus of elasticity. This means that each panel developed
with it at a particular level has greater stiffness and ability
to resist deformation under load compared to its counterpart
with GNS content. It therefore follows that a low-modulus
panel product allows great bending under load. Samples that
contain WCP with fractions of MSH or GNS have modu-
lus of elasticity values that exceed 550 N/mm? specified in
ASTM D1037 (2012) as minimum value for general purpose
boards in dry conditions. Also, irrespective of whether MSH
or GNS is utilised, decrease in bulk density of the developed
samples leads to decrease in bending strength and modulus
of elasticity. This submission matches well with the findings
from the work of Akbulut and Ayrilmis (2019). Figure 4 reveals
positive trend in flexural strength and elastic modulus of the
samples as the added proportion of WCP increases. This is
mainly because WCP possesses the highest flexural strength
and modulus of elasticity compared to other fibres used for
fabrication of the composites. At 75% level of WCP, sample
with GNS content tends to have the same strength as the one
containing MSH.

Above all, no significant difference is revealed by one-
way analysis of variance performed at p * 0.05 between the
results obtained from each test for samples developed with
fractions of MSH and those got for their counterparts con-
taining GNS. This suggests that the differences in the paired
values are slight and the influence of WCP is greater than
that of either MSH or GNS in all the composites tested in
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Fig.4 Variations of flexural strength and modulus of elasticity of the
samples with proportion of WCP
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this work. On the otherhand, an opposite verdict is given by
Chi-square test, showing that the remarkable variations in
the proportions of WCP used is responsible for the reason-
able changes observed in the values of the properties (excep-
tion of nailability) with respect to the levels of incorporation
of MSH or GNS in the composites.

4 Conclusion

From the results of the tests carried out in this work, only the
nailability of each developed panel was observed to remain
unchanged, irrespective of the composite mix and formula-
tion adopted. In other cases, the results revealed that compos-
ites made using varying proportions of WCP and MSH differ
insignificantly from their counterparts fabricated with GNS
content. Also, in terms of thermal insulation efficiency, the
panels developed with MSH as a component appeared to
be better than those containing GNDS at similar levels. Again,
the strength properties of all the studied panels compared well
with those reported in the literature for panel products used in
building construction. Generally, the samples produced were
found to be medium-density panels that are suitable for use
as either ceiling or interior partition boards in order to ensure
effective thermal insulation in buildings. Such wastes valori-
sation is a promising way of solving the associated disposal
problems and also ensuring thermal comfort while enhanc-
ing achievement of affordable, safe and sustainable housing
development. Above all, waste carton paper, melon seed husks,
and groundnut shells are recyclable and they can be considered as
potential raw materials in building materials industry.
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