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ABSTRACT. It has been observed that clay soil cannot be used for building design, unless it is modified
by firing or with cement. Either method of stabilization can adversely affect the environment and
public health just like indiscriminate dumping or open burning adopted in developing countries as the
prevalent disposal technique for waste papers. This paper sought to examine the feasibility of using
assorted waste papers to derive an alternative stabilizer to Portland Limestone Cement for modification
of clay soil into composite materials suitable for building design. Specifically, clay-based composites
were fabricated at 0%, 5%, 10 %, 15 %, and 20 % replacement levels by weight with cement, and then
hydrothermally-calcined waste paper ash nanomaterial (HCWPAN). Water absorption, sorptivity, bulk
density, thermal conductivity, specific heat capacity, thermal diffusivity, flaking concentration, flexural
strength, and compressive strength were investigated for each of the fabricated samples. Irrespective
of the stabilizing agent utilized, 10 % loading level was found to be the optimum for possession of
maximum mechanical strength by the samples. Only samples with the HCWPAN content were found to
be capable of reducing building dead loads and improving thermal insulation efficiency over un-stabilized
clay material, if applied as walling elements in buildings. Generally, it was revealed that the cement and
HCWPAN have comparable influences on the properties of clay soil, thus indicating that HCWPAN
could be utilized as an alternative stabilizer to cement. In addition, the preparation of HCWPAN was
found to be more energy-saving than that of the cement.
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1. INTRODUCTION

In recent decades, the impacts of technology on so-
ciety have been pronounced, especially, in terms of
changes in relation to survival needs such as foods and
shelter as well as aspirations among which is knowl-
edge. Being a powerful tool in the development of
civilization, technology may be regarded as a complex
social enterprise that includes design, manufacturing,
research, management, finance, marketing, etc. With
that, it suffices to assert that technology and human
life cannot be separated. This is because as long
as there have been people, there has been technol-
ogy. The utilization of natural resources like clay as
a building material is one chief evidence showing that
the society has a cyclical dependence on technology.
Traditionally, clay is used in the form of bricks, plas-
ters or mortars for shelter construction. As posited
by Bredenoord [I], homes made with clay bricks have
a better moisture regulation and are more comfortable
than those built with hollow concrete blocks. From an
environmental standpoint, this is a pointer to the fact

that the application of clay bricks as walling elements
in buildings can reduce the impact of natural resource
consumption.

Through technological innovation, the strength and
durability properties of clay bricks can be improved.
One way of achieving such an improvement is by
thermal treatment, a technique which involves firing
clay bricks at high temperatures in a kiln [2H4]. An-
other effective method of clay modification is chemical
treatment using Portland cement [5H7]. However, the
said methods portend great dangers. In the case of
thermal treatment, for instance, wood is used to fuel
the kilns and this practice leads to deforestation, in
addition to a large scale emission of carbon dioxide,
among other things. Also, it is possible to produce
uneven bricks as those closest to the heat source may
be over-dried. Similarly, cement production involves
high energy usage followed by an emission of a large
amount of carbon dioxide capable of causing serious
environmental problems. As observed by several re-
searchers including Chen et al. [8], Zhang et al. [9], and

749


https://doi.org/10.14311/AP.2021.61.0749
https://creativecommons.org/licenses/by/4.0/
https://www.cvut.cz/en

U. W. Robert, S. E. Etuk, O. E. Agbasi et al.

AcTA POLYTECHNICA

Shen et al. [I0], cement industry accounts for 5-7 % of
the global anthropogenic carbon dioxide. Though the
amount emitted depends on the kiln type, clinker to
cement ratio, fuel used, efficiency of energy utilization
as well as the demand for cement, it is well-known
that global warming is a serious threat, which our
planet is facing daily and carbon dioxide is a vital
factor in it.

Some other studies have revealed that clay can be
chemically modified using ashes derived from solid
plant-based agro-wastes like sugarcane bagasse [1T,
12], rice husk [I3HI5], corn cob [16], groundnut
shell [I7], palm oil fuel and palm kernel shell [I§]. In
all these reported cases, the stabilizing agents exhibit
good properties compared to cement in terms of im-
provement in the properties of the resulting clay-based
composites. That notwithstanding, their utilization
for the stabilization of clay is associated with major
drawbacks. Observably, agro-wastes used in prepar-
ing ashes are generated after harvesting. As such,
since harvesting depends on maturity and economic is-
sues/demand in relation to individual crops, the avail-
ability of the wastes in question may be negatively
affected by seasonal influence on crops. Moreover,
several researchers have also reported that fly ash and
slag [I9H23], nano iron oxide [24], nano aluminium [25],
nano silica [26], 27], nano magnesium oxide [28] are
useful stabilizers for the improvement of mechanical
and resistance properties of clay.

It has been observed that our society lies in 3E
(Energy, Economy, and Environment) and while the
society needs to keep all energy options open to sat-
isfy the growing demand, the economy of a country
directly relies on the transformation and utilization
of resources. In this regard, there is a need to recycle
a readily available waste in order to ensure a sustain-
able building construction. A typical waste that fits
into the sustainability context is unused paper. Pa-
per is simply a cellulose-based material that is used
daily for a number of different applications (such as
packaging, writing, drawing, books, industrial pur-
poses, etc). World Facts Report in 2017 has shown
that 215,125,083 tons of paper are produced by 10
countries worldwide. This agrees with the report of
O’mara [29] that 300 million tons of paper are pro-
duced yearly throughout the world. Being a necessity
of civilization, there can be no halt in the production
of paper.

Like in other cases, the technological revolution
with respect to paper manufacturing also has nega-
tive impacts on the society. Paper considered to be
of no further use is usually treated as a waste ma-
terial. McKinney [30] noted that papers and paper
products constitute approximately 25-40 % of globally
generated solid wastes. In developing countries like
Nigeria, solid waste management is ineffective, thus
leading to open burning as a prevalent way of get-
ting rid of waste paper materials. This practice has
the potential to increase the carbon footprint in the

750

environment. According to a February 2020 report re-
leased by the International Energy Agency, the global
energy-related carbon dioxide emission plateaued in
2019 at 33Gt. Though waste paper and its ashes
are found to be useful for the production of thermal
insulation panel products/ceilings [3IH36] and prepa-
ration of concrete [37, [38] as well, there is a need to
further devise a scientifically-safe way of minimizing
the huge quantity of such waste materials for benefi-
cial purpose(s). Hence, by carefully considering the
aforementioned situations in the light of a sustainable
building design, this study is designed to assess the
feasibility of utilizing hydrothermally-calcined waste
paper ash nanomaterial (HCWPAN) as an alternative
stabilizer to cement for clay modification for building
purposes. Specifically, a comparison will be made
between the use of HCWPAN and cement in terms
of thermophysical and strength properties of the re-
sulting clay-based composites and also the energy
involvement in the production processes.

2. EXPERIMENTAL PERSPECTIVE

2.1. MATERIALS COLLECTION AND
DESCRIPTION

Portland Limestone Cement (CEM II B-L 32.5R),
pink clay soil, and assorted waste papers were the
main materials utilized in this study. The clay soil,
as collected, was wet and plastic in nature. All the
materials were gathered in large quantities within Uyo
metropolis in Akwa Ibom State, Nigeria.

2.2. PROCESSING OF THE CLAY AND
PREPARATION OF THE HCWPAN

The clay soil was sun-dried to a constant weight and
then crushed by means of hammer. Using a 2 mm-
sieve, the crushed soil material was screened and the
quantity of it that passed through the openings was
used in this work. Also, the surfaces of the waste
papers were cleaned before the papers were shredded
with the aid of a pair of scissors. By means of an in-
cinerator (Model i8-20S), the paper pieces were burnt
to ash for 1hour at 850 °C. This type of incinerator
is capable of operating without odours, smoke, or
harmful emissions. After that, the ash was sieved to
remove any accompanying impurity and also to obtain
fraction size passing through 250 pm openings. Then,
two stages of heat treatment were adopted to prepare
the HCWPAN, thus:

A mixture of the sieved ash and tap water was
stirred for 0.5 hour using magnetic stirrer and then
heated for 12hours in a Teflon-lined autoclave at
200 °C. Using an electric furnace, the preheated cursor
was calcined at 750 °C for 4 hours and after cooling
to 35°C, it was pulverized in an Agate mortar and
then ball-milled by means of a high-energy ball milling
machine (E;,q,, manufactured by RETSCH GmbH)
at 500 rpm for 6 hours. This ball miller is capable of
ensuring a reduction in the particle sizes of a material
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FIGURE 1. Used forms of the (a) Cement (b) HCWPAN.

Weight fraction of clay soil (%)

100 95 90 85 80

Weight fraction of the HCWPAN or Cement used (%) 0 5 10 15 20

TABLE 1. Proportioning of the sample mixes.

feed from about 5mm to as fine as less than 80 nm.
The clay soil, cement, and HCWPAN used in this
work are shown in Figure [T}

2.3. ANALYSIS OF THE MATERIALS

The clay soil, cement, and HCWPAN were each di-
vided into portions. Using one portion of each mate-
rial, static angle of repose was determined by a fixed
funnel method [39]. Also, by employing a hydrometer
method of sedimentation [40], the particle size anal-
ysis of the clay soil was performed after which the
percentage passing was plotted against the particle
diameters on a logarithmic scale. With the aid of
X-ray fluorescence analyser (Spectro X-lab 2000), the
chemical composition as well as the loss on ignition
were determined for the materials as per the technique

used by [4T], [42].

2.4. FABRICATION OF TEST SAMPLES

Using the remaining portion of each material, vari-
ous similar weight fractions of cement and HCWPAN
were thoroughly and separately mixed with the clay
soil as presented in Table [T} After moistening with
water (ranging in a quantity from 23.8% to 34.1%
by dry weight of the material mix), the resulting mix-
ture was compacted with a load of 50 kg for 12 hours.
Whereas test samples meant for the investigation of
thermophysical properties were prepared to be 9.0 mm
in thickness and 110 mm in diameter, those for the
strength characterization were developed in a mould
measuring 210 x 36 x 12mm. The samples were fabri-
cated in triplicates per formulation. Prior to the con-
duction of the intended tests on each of them, the
samples were oven-dried until they became moisture-
free.

2.5. PROPERTIES INVESTIGATION

Each sample developed for the assessment of thermo-
physical properties was first subjected to a thermal

conductivity test using Modified Lee-Charlton’s Disc
Apparatus Technique [43]. Then, the samples were
carefully cut into sizes needed for water absorption,
bulk density, sorptivity, and specific heat capacity
tests. The method used by Shrestha [44] was adopted
for the evaluation of water absorption, WA of each
sample. By means of a digital balance (S. METTLER
— 600g), the mass of each sample was measured and
their bulk volume was found by using Modified water
displacement method [45]. From the data obtained,
the corresponding bulk density, p, was determined as

P = Va (1)

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

The shape of samples for the sorptivity test was
made rectangular. Following the method used in previ-
ous work [46], with slight modifications, a sample was
suspended from a digital scale by means of a strong
and light inextensible string. After that, the reading
on the scale was noted and the area of the sample’s
lower surface was determined. Also, a glass vessel
containing water — saturated foam was placed directly
under the sample. Then, the position of the sample
was adjusted until its lower end rested on the foam
(as illustrated in Figure . At that instant, a digital
stopwatch was turned on to measure the infiltration
time of the water. After every minute, the reading
shown on the scale was noted and the initial read-
ing obtained was subtracted from it in order to know
the mass of the water that ingressed into the sam-
ple. The temperature of the water at that moment
was determined with the aid of a digital thermometer
equipped with a type-K probe and the water density
at that temperature was noted as provided in [47].
When 50 minutes elapsed, the water infiltration depth
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FIGURE 2. Schematic diagram for the sorptivity test.

at each interval of time was determined using the

formula
W,
D = 2
() 2)

where D = cumulative water infiltration depth, W,
= mass of water ingressed into the sample, D,, =
density of water, and a = area of the sample’s surface
in contact with the foam.

The infiltration depth of the water was plotted
against the square root of the time and the sorptivity
value of the sample was deduced graphically based on
the relation

D = SV, (3)

where S, = sorptivity of the sample, and ¢ = infil-
tration time.

The measurement of specific heat capacity of each
sample was carried out using SEUR’S Apparatus, as
described elsewhere [48]. In this case, other heat ex-
change accessories used were plates of aluminium and
plywood (each having thickness of 10 mm). The values
of bulk density, thermal conductivity (k) , and spe-
cific heat capacity (C') obtained for each sample were
then applied to calculate the corresponding thermal
diffusivity, A as

_ K
-5

The abrasion resistance was assessed by a flaking
concentration test for each of the samples developed

(4)
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for the appraisal of strength. In this case, the ini-
tial mass of each test sample was measured after
which a hard shoe brush was used to rub against their
two surfaces until 70 strokes of forward and backward
movements were made. For the purpose of ensur-
ing that the pressure applied was uniform, a 0.5kg
weight was firmly attached to the top of the brush and
the movement of the brush was activated by pushing
and pulling it slowly over a sample under test. At the
end of the process, the flaked samples were weighed
and the percentage decrease in the mass of each tested
sample was determined:

AM
M,

F, = 100 %, (5)

where AM = decrease in the mass of the sample
after being flaked, and M,= mass of the sample before
being flaked.

The flexural strength of the samples was determined
by means of a computerised electromechanical univer-
sal testing machine (WDW-10) based on a three-point
bending technique as stated in [49]. During each test
schedule, the sample under test was suspended as
a single beam supported at two points and loaded at
its mid-point until it fractured. With the data ob-
tained, the value of flexural strength, fs; was computed
based on the relation:

3PL

fs = b2’

(6)
where P = maximum load applied at the fracture,
L = span length, and b = width of the sample under
test.
In the case of compressive strength, the values of
crushing force, F', and cross-sectional area, A, of each
sample were used for computation as [50]

F
CS=—. 7
. M
All the tests were performed at room temperature
with +2°C variations. For each test, the mean and
standard error values of the results obtained were
tabulated.

3. RESULTS AND DISCUSSION

The index properties of the clay soil, HCWPAN, and
cement utilized in fabricating the samples are pre-
sented in Table[2] There is a slight difference in terms
of static angles of repose of HCWPAN and cement,
both of which are greater than the value obtained for
the clay soil by about 40.8 % and 35.4 % respectively.
Since the angle of repose is inversely proportional to
the particle size of a material [51],[52], it can be claimed
that the clay soil contains particles that are the largest
in size and those in the cement are larger as compared
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. Materials
Particulars
Clay soil HCWPAN Cement
Used form Dry Dry/powdery  Dry/powdery
Static angle of repose  (29.4 £ 0.1)° (414 £ 0.3)° (39.8 £ 0.1)°
Plasticity index 23.4% - -

TABLE 2. Description of the materials used.

u
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Finer (%)
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Farticle size (mm)

FIGURE 3. Particle size distribution of the clay soil used.

Hydrothermally-calcined waste paper ash nanomaterial . ..

to the size of the particles in the HCWPAN. From Fig-
ure [3] it can be observed that the clay-sized particles
(< 2 pm) are more than silt particles (0.06 mm — 2 pm)
while sand particles (2mm — 0.06 mm) constitute the
least fraction. Also, by having nano-sized particles,
HCWPAN is finer than cement and its fineness is
typical enough to enable it to function as a binder as
well as filler in the clay matrix to form a clay-based
composite. Based on the interpretation that an an-
gle of repose of 25° to 30° is for excellent flowability,
whereas a value in the range of 41° to 45° indicates
a passable flow property [53], it can be adjudged that
the materials utilized in this study possess acceptable
flow characteristics for manufacturing purposes.
Table [3| shows the chemical compositions of the
clay soil, HCWPAN, and cement. Among the main
oxides in the clay soil, SiOs is of the highest propor-
tion followed by Al;O3, Fe3O3, and then CaO. It is
noteworthy that while CaO manages the structure
and rupture threshold of the soil, the alumina (Al;O3)
fraction promotes the increase in mechanical resis-
tance. The percentage of silica (SiO2) in the clay
is approximately 50 %, thus agreeing well with the
report of Velasco et al. [54] that clay used in bricks
factories contains 50 % to 60 % of SiO5. This means

that the clay soil used in this work is a suitable raw
material for utilization in factories for brick making.

In the case of HCWPAN, the proportions of SiOs,
Al; O3, and Fe; O3 sum up to 30.7 %. This value is less
than 70 % being the minimum requirement specified
for a material to be a pozzolan [55], thus signifying
that the HCWPAN cannot be regarded as a pozzolanic
material in this case. However, the HCWPAN con-
tains CaO (56.76 %), SiO2 (28.04), AloO3 (1.61), and
MgO (1.30) as the prominent constituents and the
proportions of these oxides are similar in rankings to
those in the cement used in this study. Also, the frac-
tion of CaO in HCWPAN is very close to that of the
cement. Chemical phases formed from the calcium,
silicates, and aluminates contents of the admixtures
in the cement are essential for strength development
through hydration. Specifically, SiOs aids in strength
development. Also, in the presence of water, CaO
first forms Ca(OH), and with the availability of car-
bon dioxide, yields CaCOj3 for hardening and strength
development. It is, therefore, obvious that the HCW-
PAN is cementitious enough to bring about rapid
hardening as well as early attainment of strength as
a hydraulic binder of the resulting clay-based compo-
nents containing it. Apart from the fact that particles

753



U. W. Robert, S. E. Etuk, O. E. Agbasi et al.

AcTA POLYTECHNICA

Chemical constituents

Proportion (% wt) per material used

Name Formula Clay soil HCWPAN  Cement (PLC)
Silicon dioxide (Silica) SiO9 49.79 28.04 16.32
Aluminium trioxide (Alumina)  Al,Og 30.68 1.61 3.62
Ferric oxide Fe; O3 6.90 1.05 2.81
Calcium oxide (Lime) CaO 0.74 56.76 58.23
Magnesium oxide MgO 0.21 1.30 0.91
Sulphur trioxide SO3 - 0.38 3.18
Potassium oxide K50 1.87 0.04 -

Loss on ignition LOI 8.61 10.29 4.46

TABLE 3. Chemical composition of the materials.

of HCWPAN are finer than those of cement, thus
ensuring faster decomposition when heated, their val-
ues of loss on ignition indicate that the HCWPAN
contains more compounds that decompose at high
temperatures.

The results of experiments performed on the de-
veloped samples are presented in Table [dl In the
case of water absorption, the replacement of clay
with up to 10% of HCWPAN improves the water-
resistive ability of the clay-based composites over the
blank/control sample. This indicates that the lime,
alumina, and silica in the HCWPAN react optimally
at that level to enhance the inter-particle packing and
micro-aggregation, thereby reducing the inter-particle
voids and decreases the water uptake of the result-
ing composites. Beyond the 10 % level of HCWPAN
incorporation into the clay matrix, the water absorp-
tion of the composites increases. This may be due
to the influence of numerous pores in the HCWPAN
as a result of tininess of its particles. In addition,
HCWPAN is the most porous in this case and its hy-
drophilicity is higher than that of the clay soil. Thus,
an excess fraction of it in the resulting composite
samples exercises a remarkable influence in promoting
water absorption. It can, therefore, be posited that
a no greater than 10 % HCWPAN content is capable
of improving the durability of the developed samples.

The use of cement as a stabilizing agent reduces
water absorption at all levels considered in this study,
though the water absorption obtained at a 20 % con-
tent of the cement is greater than the value recorded
at 15 % level of loading. It is also observed that the
reduction in the case of using HCWPAN up to 10 % is
more than when incorporating the cement at similar
levels. This may be attributed to the fact that cement
is made of Calcium silicates and aluminates and it has
a high affinity for water. However, a one-way analysis
of variance test yields a calculated F-value of 0.69 at
p < 0.05, thus revealing that the observed differences
are not significant.

Whereas an increase in HCWPAN content creates
more pores in the clay matrix, the pores are reduced
when increasing the cement content. In other words,
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by increasing the cement content, the clay soil parti-
cles are covered with cement particles and bonding is
enhanced among the particles, thereby making the re-
sulting composite samples more solid in nature. This
is possible because the hydrated component (such as
calcium silicate hydrates) formed reduces the pore size
(pore network) of the sample as the content of cement
increases. The case with HCWPAN is different from
this. Thus, since sorptivity is based on capillarity net-
work, it increases steadily with increasing proportions
of HCWPAN. This, plausibly, is due to the degree of
fineness of HCWPAN which enables it penetrate the
clay matrix significantly and create a network that
promotes links for the enhancement of water infiltra-
tion. That is why, as sorptivity increases with the
increasing HCWPAN content, a decrease is observed
with the increasing proportion of cement.

There is no doubt that the variations in stabiliz-
ing mechanism of HCWPAN and cement can make
the HCWPAN-modified clay soil and cement-modified
clay soil differ in their properties. Samples with HCW-
PAN have a lower bulk density than their counterparts
made with cement. At 5%, 10%, 15%, and 20%
loading levels, the values obtained between the use
of HCWPAN and incorporation of cement differ by
12.8%, 15.4 %, 23.7%, and 33.4 % respectively. This
may be attributed to the lightness of HCWPAN as
compared to the clay soil. Also, the samples con-
taining HCWPAN have a lower thermal conductivity
than the ones containing cement fractions at similar
loading levels. This is possible because HCWPAN is
refractory and more porous than clay, even in the pres-
ence of water, whereas under such condition, cement
produces more cohesive mortar than clay. Thus, with
cement, a significant increase in inter-particle packing
is ensured and that reduces air volume by minimizing
pore spaces. On the contrary, though HCWPAN has
finer particles as compared to the clay, its cohesiveness
is lower, thereby leading to the increase in air space.

Figure [4] reveals that an increase in the content of
HCWPAN causes a decrease in both the bulk density
and thermal conductivity of the resulting clay compos-
ites, whereas cement increases them. Since the sam-
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TABLE 4. Obtained results of the property tests performed on the developed samples.
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FIGURE 4. Variations of Bulk density and Thermal conductivity with proportions of the stabilizer.

ples are porous and also completely dry, this could be
due to fact that as HCWPAN fraction increases, more
interstices/pores exist, thus leading to the increase in
air volume, whereas a drastic decrease in pore size and
hence, the minimization of air volume is caused by
the increasing content of cement. Consequently, bulk
density of the developed composites decreases with
the increase in HCWPAN, but increases with the in-
corporation of cement. The implication is that unlike
in the case of cement, by increasing the proportion
of HCWPAN, lightweight composites are produced.
Solihu [56] and Srivastava et al. [57] in their research
work observed similar effects on density when using
cement for soil stabilization.

More so, it could be understood that air is a good
thermal insulant (having thermal conductivity of
about 0.025 Wm™tK~!) and it acts within the pores
as heat transfer medium that controls and resists the
flow of heat through the samples. Thus, an increase in
HCWPAN loadings causes a decrease in the thermal
conductivity because of the creation of more air-filled
pores in the developed samples. Also, an increase in
cement content brings about an increase in thermal
conductivity, because of the improvement of packing
behaviour, which reduces the air volume in the clay
composites. In this case, it could be posited that
thermal conductivity is a function of bulk density
which is a function of porosity and as such, samples
with HCWPAN content are more capable of ensuring
a better thermal insulation performance than those
made with cement at a similar content level. How-
ever, all the thermal conductivity values obtained for
the studied samples fall within 0.023 Wm 'K~ to
2.900 Wm~'K~!, which is the range recommended
for heat-insulating and construction materials [58].
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The results of the specific heat capacity test in
this work substantiates the assertion that HCWPAN-
modified samples can exhibit a better thermal in-
sulation performance than their counterparts with
the cement content. As can be seen, the specific
heat capacity increases with the increasing content of
HCWPAN, but decreases as the fraction of cement
increases. This simply implies that the incorpora-
tion of HCWPAN enhances the heat-storing ability
of the developed composites, whereas the utilization
of cement impedes such tendency. As such, for a unit
temperature change, more energy will be required by
a unit mass of the sample containing HCWPAN as
compared to the case of using cement at a similar level
to produce the sample. Alongside the thermal conduc-
tivity and bulk density (as expressed in eq. [4| in this
study), the specific heat capacity influences the ther-
mal diffusivity of the samples. Observably, thermal
capacity (product of bulk density and specific heat
capacity) shows a positive correlation with thermal
conductivity in the case of samples with HCWPAN
content, whereas a negative relationship is exhibited
in the case of samples containing cement. Thus, with
respect to proportion of the stabilizing agent utilized,
the thermal diffusivity decreases with the increasing
content of HCWPAN, but increases progressively with
the increase in the percentage of cement. At 20 %
level of HCWPAN, the thermal diffusivity decreases
by about 9.6 %, while it increases by 17.7 % due to the
utilization of cement up to a similar level. Thermal
diffusivity may be regarded as a transport property
that shows how a material undergoes temperature
changes. Since a larger value of thermal diffusivity
implies a faster rate of heat diffusion through a mate-
rial, the results obtained in this study indicate that
the temperature propagation is slower in HCWPAN-
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FIGURE 5. Variations of Flexural strength and Compressive strength with proportions of the stabilizer.

modified samples than in the case of those modified
with cement even at similar content levels. This fur-
ther substantiates that HCWPAN is more effective
than cement in improving the thermal insulation effi-
ciency of the clay soil for building purposes.

The extent to which a material is cohesive exercises
a great deal of influence on the bonding strength of
the material which, in turn, characterizes how strongly
or weakly particles are held together in the material.
Between the stabilizing agents used in this work, ce-
ment exhibits a greater cohesivity than HCWPAN
in the presence of water. This possibly contributes
to the greater flaking concentration observed in the
case of samples containing HCWPAN, as compared to
their counterparts with cement content. It is noticed
that a sample made with up to 5% of cement content
is as flaky as the control one, thus portraying that
more than such a proportion of cement is needed to
reduce the flakiness of the developed composite. Also
observed is the fact that while the samples become
flakier as HCWPAN fraction in them increases, their
flaking concentration is lesser by increasing the pro-
portions of cement. The implication in this case is
that, at similar levels of usage, samples with the ce-
ment content are less susceptible to a mechanical wear
than those fabricated with the HCWPAN fraction.

In the cases of flexural strength and compressive
strength, the values obtained for using cement as
a stabilizing agent are greater as compared to the
results for the use of HCWPAN in modifying the clay
soil. As a matter of fact, cement is mainly composed
of lime and silica, which react with each other and
other components in the mix when water is added.
This reaction forms a combination of Tri-calcium sili-
cate and Di-calcium silicate, which are referred to as
C3S and CsS in the cement literature. Such mineral

phases play a critical role in the chemical reaction and
eventually generate a matrix of interlocking crystals
that cover any inert filler and provide a high strength.
The results simply reveal that samples developed with
the cement content are stronger and stiffer than those
produced similarly but with HCWPAN as a compo-
nent. In other words, the modification of clay soil with
cement yields clay-based composites with a greater
ability to withstand rupture and shattering under load-
ing situations as compared to those stabilized with
HCWPAN. At 5%, 10%, 15 %, and 20 % proportions,
flexural strength of the studied samples differs by
0.3%, 33.6 %, 18.8 %, and 21.3 %, respectively, while
compressive strength differs by 0.1 %, 0.5 %, 0.7 %,
and 1.8 %, respectively, between the use of HCW-
PAN and cement for the modification of the clay soil.
Among other ways, the development of higher strength
and stiffness is achieved by reducing voids, binding
particles and aggregates together, and maintaining
flocculation. Additionally, the Ca(OH), crystals gen-
erated by cement as by-product of the hydration of
Calcium silicates are pure and fine, and as such, they
are more reactive. This provides the calcium neces-
sary for the ion exchange during the physicochemical
reaction between the cement and clay soil.

The illustration in Figure [5| depicts the flexural
strength and compressive strength trend with the pro-
portions of the stabilizers used. It can be observed
that the strength increases up to the 10 % incorpora-
tion level, beyond which they decline in both cases.
This signifies that 10 % is the optimum level for achiev-
ing the maximum strength. Beyond this level, a sharp
decline is revealed. As for the HCWPAN, this may
be because the silica content can react optimally only
when at most 10 % of the stabilizing agent is utilized.
That is to say, if a subsequent increase in its propor-
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Equipment Nominal Energy source Application Duration Energy Quantity of the

applied power rating (Hours)  consumed material
(W) (GJ) processed (ton)

Incinerator - — Paper ashing 1 —

Autoclave 3120 Electricity Heat treatment 12 0.135 0.134

Furnace 1800 Electricity Calcinations 4 0.026

Ball miller 3100 Electricity Ball milling 6 0.067

TABLE 5. Analysis of energy consumption during HCWPAN preparation.

tion is introduced into the clay matrix, the excess of
it (the HCWPAN) may not have the opportunity to
be utilized, thus resulting in increased void fractions
and pores that weaken the inter-particle bonding in
the developed composites. With the use of cement
as a stabilizing agent, the maximum strength values
are obtained at similar loading levels showing that
a further increment in the cement fraction may not
necessarily lead to increased strength, but impairment
of the expected performance as noted by Mahedi et
al. [59]. Notably, all the studied samples have a com-
pressive strength value that compares favorably with
2.9 MPa, reported [60] for cement-stabilized clay soil
containing 10 % by volume of cement and cured for
28 days. Also, the studied samples possess a compres-
sive strength that meets the minimum requirement
stipulated to be 2.5 MPa for non-load bearing walling
elements.

Table 5| shows the analysis of the energy consumed
during the HCWPAN preparation in the study. It
can be inferred from the data presented that the to-
tal energy consumption is 0.228 GJ for processing
0.134 tons of the material. This means that, on aver-
age, the consumption is 1.701 GJ per ton. In the case
of the cement production, approximately 3.2 to 6.3 GJ
amount of energy is needed and about 1.7 tons of raw
material (mainly limestone) per ton of the clinker are
generated [61]. In other words, energy consumption
is 1.882 to 3.706 GJ per ton of cement. Compara-
tively, it can be deduced that the processes involved
in preparing a ton of HCWPAN is about 9.6 % to
54.1 % more energy-saving than those used for cement
manufacturing.

4. CONCLUSION

The following conclusions were drawn based on the
results of the investigation carried out in this study:

e The ranking of oxides proportions in HCWPAN is
similar to that of the Portland Limestone Cement
utilized in this study.

e Replacement of clay matrix with up to 20% of
HCWPAN caused a decrease in bulk density, ther-
mal conductivity, and thermal diffusivity by 24.2 %,
25.5%, and 9,6 %, respectively, whereas with the
use of the cement, increments of 1.1 %, 6.6 %, and
17.7 % respectively, were observed.
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e Compared with the case of the cement used in this
work, the preparation of a kilogram of HCWPAN is
more energy-saving and the clay-based composites
developed with it are capable of ensuring a better
thermal comfort as building materials, especially in
tropical zones.

o At 10 % content level of either stabilizing agent, the
fabricated composites possessed the maximum flexu-
ral strength and compressive strength, though with
a variation of about 33.6 % and 0.5 %, respectively,
for the use of the cement over HCWPAN.

e Since waste papers are cheaply and constantly avail-
able in large quantities, the use of HCWPAN to
modify clay soil for building purposes could serve
as a promising way of managing the waste while
ensuring a sustainable building construction.

e The cement and HCWPAN have comparable in-
fluences on the durability behaviour, such as wa-
ter absorption and sorptivity of the modified clay
samples, thus signifying that HCWPAN could be
utilized as an alternative stabilizer to cement for
the modification of clay soil for building purposes.

e Valorisation of waste papers, as described in this
study, can serve as a safe disposal technique of the
waste while improving the economy of the building
sector.
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