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Incorporating chicken feather fibre (CFF) into natural based-nanocomposite comprising of glycerine plasticized-
cassava starch binder with bentonite (BNT) as nanofiller, a thermal insulator (TIN) was synthesized. Central
Composite Design (CCD) Response Surface Methodology was employed to carry out the experimental design using
two factors (CFF and BNT) along with one response (thermal conductivity) to produce nine materials as in-
sulators, comprising of 0%, 5%, and 10% BNT based on 8 g initial weight of CFF. A sample without CFF was used
as the control. Developed thermal insulators were subjected to thermal conductivity tests using Lee's disc method
at a steady state. The best insulator is TIN-4 with the lowest thermal conductivity of 0.0313 W/(mK) and the
highest insulation property of 114.63 m?k/W, while TIN-10 with no CFF has the highest thermal conductivity of
0.0549 W/(mk) and lowest insulation property of 48.1603 m?k/W. Proportionate use of chicken feather fibre in
starch-clay nanocomposite will help synthesize an effective thermal insulator with minimum cost.

1. Introduction

The improper management or disposal of by-products of materials
processed from industrial, domestic, social, and commercial activities has
posed many problems to the ecosystem. Effective waste management is
expensive [1]. Global production of the chicken feather as waste is
estimated to be about 15 million tons per year [1]. The burning of this
waste brings about the release of harmful substances into the air [1, 2].

Production of thermal insulators using chicken feathers will address
the challenge of waste disposal and create wealth from waste. Materials
of low thermal conductivity are known as thermal insulators; they are
used to reduce heat transfer between material in contact. The thermal
conductivities of some materials, as reported somewhere [1, 3, 4]
confirmed that chicken feather fibre (CFF) has very low thermal con-
ductivity with unique structures and properties compare to any other
natural or synthetic fibre [5, 6]. This justifies its use for thermal insulator
and ease of wide industrial application. For instance, low-density value
(0.8 g/cm® compared to about 1.5 g/cm® and 1.3 g/cm? for cellulose
fiber and wool, respectively), excellent compressibility and resiliency,
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ability to dampen sound, and distinctive morphological structures [6, 7,
8] make them unique. Chicken feathers contain about 91% keratin pro-
tein, 1% lipids, and 8% water [9] comprising of three different parts, the
rachis, the barbs, and the barbules, which are attached one to the other
(the barbules to the barbs and the barbs to the rachis) [10].

Feathers are in two microcrystalline forms, the fiber, and the quill.
The thermal energy required to perturb the quill is less than that
required by fibers; hence, the fibres can withstand thermal and me-
chanical stress [5]. The elasticity moduli of feather keratin range from
0.045 GPa to 10 GPa, while the tensile strength of oven-dried CFF, in
the range of 41-130 MP (5). Thermogravimetric analysis of CFF, as
reported elsewhere [11] suggests that the drying temperature for this
fiber should be above 328.15K, with the processing temperature of a
reinforced composite being controlled below 493.15K. Differential
scanning calorimetry of CFF indicated that temperatures below 383.15K
may not allow for moisture progression [12]. The utilization of chicken
feather barbs for use as a thermal insulator relates to its intriguing
property of honeycomb structure and thermal resistivity ability due to
air pockets in the feather [13, 14]. The binding of chicken feathers in
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various composites has been achieved by using various polymers such as
chitosan-starch blend, high-density polyethylene (HDPE), elastic poly-
urethane, polylactic acid, polybutyrate adipate terephthalate, and
polyvinyl alcohol [4, 15, 16, 17, 18, 19].

This study considered the use of glycerine-plasticized cassava starch
(CST) as a binder. Starch has been used for composites production in
various works [20, 21, 22, 23]. According to Van Heemst et al. [24],
cassava starch occurs naturally as a granular structure and cannot be used
directly as a thermoplastic material except by destructuring through
mechanical works at elevated temperatures in the presence of water and
other possible processing agents e.g. plasticisers like polyols and fatty
acids, forming thermoplastic starch (TPS) [25]. The end products of
starch have poor dimensional stability and mechanical properties [26,
27, 28]. Still, its limitations can be resolved by introducing plasticizers
(such as glycerine, glycol, and sorbitol) to enhance flexibility and pro-
cessing ability [29, 30, 31]. TPS and nanocomposite mixture possess
improved thermal and mechanical properties [32, 33, 34, 35].

Nanomaterials'shape and size have widespread applications in in-
dustries and research fields such as their introduction into polymer
matrix [36]. Their usage as doped material has improved the proper-
ties of the polymer [37, 38, 39]. Nanofillers are introduced in the
polymer at rates from 1-10% by mass. The composites' properties are
impacted by organic matrix and nanofiller mixture ratio [40] to yield
improved mechanical, thermal, and fire retardation [41, 42]. The most
widely used clay-based nanocomposites are the smectites (such as
montmorillonite, bentonite and hectorite) [43]. Montmorillonites
have a high cation exchange capacity, which is little affected by par-
ticle size. Therefore, the cation exchange capacity allows both inor-
ganic and organic cations to bind [44], maximizing its utilization as a
nanofiller to improve the composition's properties.

In this study, novel thermal insulators (TIN) were produced by
incorporating CFF into glycerine plasticized-cassava starch (CST) and
bentonite (BNT) nanocomposite. This study seeks the thermal in-
sulators' production such that naturally available materials (BNT was
used as doped nanofiller and strength impacts while CST was used as a
binder) to convert waste chicken feathers to thermal insulators.
Furthermore, this study was to develop insulators which are not
dependent on synthetic polymers, thereby minimizing some health
and ecosystem related issues instigated by synthetic polymers and the
after use of chicken feather waste. Performance evaluation was carried
out using the Lee's disc method of thermal conductivity test. The
proposed CFF in starch-clay nanocomposites synthesis of TIN is
convenient, economical, and environmentally friendly, thereby
encouraging the conversion of waste to wealth.

2. Materials and method
2.1. Materials, reagent, and equipment

The chicken feathers were sourced in form of wastes from a poultry
farm in Eket Village, Eket Local Government Area, Akwa Ibom State,
Nigeria. Cassava tubers were obtained from the farm in Etinan Local
Government Area, Akwa Ibom State, Nigeria. Industrial bentonite,
glycerine, and 98% ethanol were obtained from Ekpo Scientific En-
terprises, Eket Local Government Area, Akwa Ibom State, Nigeria.
Equipment and apparatus used include mechanical sieving machine
with 0.2 mm mesh size sieve, ceramic mortar and pestle, Soxhlet
extractor, heating mantle, hot plate, electronic weighing balance, 500
ml beakers, 50 ml measuring cylinder, thermometer, inextensible
string, steam can, micrometer screw guage, vernier caliper, Lee's disc
apparatus, stainless steel batch reactor, manual compression pressing
machine, electronic oven and universal testing machine.
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2.2. Preparation of chicken feather fibre powder

The first step of the preparation process was cleaning chicken feathers
by washing with soap and water. The feathers were utterly cleaned and
then dried in a convection oven at 318.15 K for seven days to ensure
complete evaporation. Fibre was then separated from the quill through
scissors, and the feathers were grounded using mortar and pestle. Lipids
present in the ground feathers were removed by contacting 20 ml of
ethanol with 8 g of the feather powder, using Soxhlet extractor for 4 h.
The lipid-free feather particles obtained were then dried and stored at
room temperature.

2.3. Production of starch from cassava

The cassava roots obtained from the farm were peeled. The peeled
roots were washed and grated. Small volumes of water were added to the
grated cassava and stirred vigorously. The slurry obtained was filtered in
a sieve of mesh size 140 pm. The filtrate was allowed to settle for 2 h and
the supernatant decanted. The starch mash was dried in an oven until a
moisture content of 10%-15% was obtained. The starch obtained was
milled and packed at room temperature.

2.4. Production of feather/starch-clay nanocomposite

The design of experiments was achieved using the response surface
methodology technique (central composite design (CCD)) with the aid of
Design Expert 11 software (Table 1). Two factors (CFF and BNT) were
used as the independent variables to obtain the dependent variable or the
response, thermal conductivity. The effect of 0 g CFF content (i.e. TIN-10)
was considered as the control. The starch was kept constant while
varying the weight of BNT and CFF. The composites were produced
considering 0%, 5%, and 10% BNT (nanofillers were introduced in the
polymer at rates from 1-10% by mass) [40] to 8 g initial weight of CFF.
At 0% concentration of BNT based on 8 g initial CFF, the CFF concen-
tration is 8 g (100%); 5% BNT based on 8 g initial weight of CFF pro-
duced 0.40 g BNT with 7.6 g CFF; and 10% BNT based on 8 g initial
weight of CFF produced 0.80 g BNT with 7.2 g CFF.

The experimental runs (Table 1) were generated with the CCD
response surface methodology with the two factors (A = CFF and B =
BNT) considered using their lowest weight content (A = 7.2 g and B =
0 g) and the highest weight content (A = 8 g and B = 0.80 g) selected
based on the percentages considered above. The ten experimental runs
were carried out with a constant composition of 20 g of starch, 35 ml of
water and 6 ml of glycerol. The raw materials were feed into the reactor
and mixed in this order; CST, water, glycerol, and CFF.

The reaction proceeded with continuous stirring for about 30 min, at
373.15K. The rigid material obtained was transferred to a cylindrical
mold, compressed in a cylindrical mold, and cooled to 298.15k. The
resulting composites were oven-dried at 100 °C and kept for further
studies.

2.5. Analytical method

2.5.1. Dimensional analysis

The average thickness, d (mm), of the samples was measured with a
micrometer screw gauge by measuring five different points on the ma-
terial [45]. The diameter, D (mm) of the samples obtained as well (using
the same approach as in thickness) through the use of an electronic
digital caliper (ISO9001).

2.5.2. X-ray diffraction (XRD) analysis
XRD analysis was used to check for the nanofiller properties utilized
to ascertain whether the material is BNT as desired. The XRD analysis
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Table 1. The experimental design generated using central composite design.

Run 1 2 3 4 5 6 7 8 9 10
Factor1 (A: CFF) 8.16 8 7.6 7.6 8 7.04 7.6 7.2 7.2 0
Factor 2 (B: BNT) 0.4 0.8 0.97 0.4 0 0.4 0 0 0.8 0.4
was operated with the continuous scan type from 5° 20 to 75° 20 amc( g

diffractometer with step time of 32.90 s, the temperature of 298.15K, and . dt 3)

generator settings kept at 40 mA and 45 kV. Copper anode (A = 1.54060
A) material was used to carry out this analysis.

2.5.3. Thermal conductivity test

The thermal conductivity test was achieved using Lee's disc experi-
ment (Figure 1). Through a steam can, steam was generated and allowed
to pass over the nano-sized composite material produced with its outlet
connected to the steam chamber's inlet using a rubber tube. In the
meantime, the weight of the Lee's disc, M, was obtained with a weighing
balance. The specific heat capacity of the metal slab, C was recorded from
a constant table. The composite was placed on metal slab (the disc) and
then the steam chamber on the composite and suspended from the clamp
stand. A thermometer was inserted into the Lee's disc and the steam
chamber, allowed to read until a constant temperature was obtained for
these thermometers. Steady-state temperatures were attained and
recorded as T; and Ty for the steam chamber and disc, respectively.
Constant temperature reading by the thermometers was recorded after
10 min. The thermometers were interchanged, and the new temperatures
at steady state were recorded, then the average of the readings was
recorded (Tycand Tya for disc and chamber, respectively). The steam
chamber was raised, and the composite was removed. The steam cham-
ber directly heated Lee's disc until its temperature was about Tyc+
283.15K in steady-state (Figure 1). The steam chamber was removed
with the heat allowed to distribute uniformly for 2-3 min over the disc.
The composite material was then placed on the disc while observing the
temperature reading of the thermometer. With the disc allowed to cool to
Twmc, the temperature was read and recorded immediately for every 30 s
(using a stopwatch) until the temperature falls to about 283.15K below
the temperature, Ty . Using Microsoft Excel 2007, the rate of cooling, %—f
for each composite was deduced. Conductive heat flow occurs in the
decreasing temperature (from the steam chamber through the sample to
the disc). Fourier's Law expresses conductive heat transfer, as shown in
Eq. (1).

D (Tuc = Tin)
4d

(€}

At steady state, the mean temperatures, Tyc and Ty, are constant,
and the rate of heat transfer (H) through the disc equal heat loss
(Equation 2), using the cooling rate of the top brass disc covered with the
chicken feather insulation, the cooling rate (‘fi—f) was determined.

dTr
H=MC— 2
c i 2
Combining Egs. (1) and (2), the thermal conductivity, k, was obtained
as given in Eq. (3). Where M is the mass of the lower disc, and C is the

specific heat.
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Figure 1. Schematic diagram of the Lee's disc experiment.

7D (Tuc — Tya)

2.5.4. Comparison of the experimental with the predicted values

The experimental response values obtained were tested for accuracy
by comparing the experimental values with the predicted values of the
CCD generated model. Design Expert 11.1.2.0 was used for the design
and interpretation of results. The significance of the quadratic model was
also tested with analysis of variance (ANOVA).

3. Results and discussion
3.1. Sample diameter measurement

The average diameter, D, and thickness, d of the thermal insulator
(TIN) samples (TIN-1 to TIN-10) were measured and recorded as given in
Table 2. The insulators (Figure 3(a)) with CFF were seen to have more
thickness than the sample without the CFF (TIN-10) in it.

3.2. XRD analysis

The XRD analysis of BNT nanofiller is as provided in Figure 2. The
diffractogram showed that the substance contains two minerals: mont-
morillonite and gypsum, and both minerals have a monoclinic crystal
system. The chemical formula for the montmorillonite (MMT) is
Si7 goAly.72Cso.16Fe0.20Mg0.28020.00, while for gypsum is
Cayg.0054.00024.00H4.00. The crystallographic parameters are given in
Table 3. Bentonite is an aluminuimphyllosillicate clay generated
frequently from the alteration of volcanic ash consisting mostly of
smectite minerals, usually montmorillonite [46].

In addition to montmorillonite, it contains a small portion of other
mineral matter like quartz, zeolites, gypsum, pyrite, or feldspar [47].
From Figure 2, the pattern shows that the substance contains MMT which
is the major mineral formed at various peaks which can be seen at 7.10 26
with the d-spacing of 12.43694, 26.512 20 (d = 3.3459A), 29.12 20 (d =
3.06654), 36.63 20 (d = 2.4531A), 61.93 20 (d = 1.44984A) and further
reflection at 68.06 20 (d = 1.3777}0\). Also, gypsum was noticed at about
11.66 20 with a d-spacing of 7.5869A and further confirmed at 23.63 20
with a d-spacing of 3.7653A. The diffractogram generated is similar to
works carried out by Carlson, 2004 [48] and El Miz et al., 2017 [49].

3.3. Thermal conductivity analysis

The mass M of the Lee's disc was measured and recorded as 0.7794 kg,
while the specific heat capacity of brass, C, was obtained as 0.38 kJ/kg K
[50]. The mean temperature at steady state (Table 4) was obtained from
the experimental setup, Figure 3(b).

The influence of the CFF can be noticed (Table 4) on the temperature
readings. Sample TIN-10 having no CFF allowed more heat to pass
through it. For the mean temperature of 370.45K recorded by the ther-
mometer inserted into A (the steam chamber), the sample allowed more
heat to pass through it with 341.15K temperature of the disc. The higher
the ability of a sample to retain heat, the lesser the heat released to C.
This means, the higher the conductivity of heat by the insulator, the
higher the temperature value read by the thermometer. Better retention
of heat was observed by the insulators, TIN-1 to TIN-9 (with CFF) instead
of TIN-10 with no CFF. The temperature recorded by TIN-1 to TIN-9 was
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Table 2. Average thickness, d, and diameter, D, of the insulators.

Table 3. Crystallographic parameters of the minerals in the BNT.

Sample d (mm) D (mm) Crystallographic Mineral
TIN-1 3.300 100.322 Parameters Montmorillonite Gypsum
TIN-2 3.516 97.032 a (A)ﬂ 5.181 6.2742
TIN-3 2.888 101480 b (&) 8.045 5.67
TIN-4 2.848 101.346 c (A) 12.34 5.67
TIN-5 3.246 108.312 Alpha (A) 90 90
TIN-6 3.588 106.686 Beta () 99.62 113.908
TIN-7 3.520 106532 Gamma (A) %0 %0
TIN-8 3.430 99.094 Calculated density 1.84 2.27
TIN-9 3.378 102194 (g/em®)
TIN-10 2.644 95.524 < ; o
A (Angstrom unit) = 10" "m.
Counts
AKIEENG_CPE 032 (BENTONITE) §
§ &
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Figure 2. X-Ray diffractogram for the BNT nanofiller.

much lesser than that of TIN-10 (Table 4). This result shows the tendency
of CFF to retard heat flow.

The synthesized TIN's insulation efficiency was determined by
measuring the cooling rate of the brass disc at steady-state temperature
with the brass disc top covered with synthesized TIN. The disc's tem-
perature in each run was recorded per minute and represented in
Figure 4, and their respective coefficient of determination R? was
recorded in Table 5. The linearity of temperature with time was observed
from the temperature per time plot that temperature reduces with
increasing time (Figure 4 and Table 5).

At steady-state, the rate of cooling is the same as the rate of heating.

Hence, the rate of cooling (%) was obtained (Figure 4), where the

cooling temperature for each of the experimental run was measured per
30 s after the steady-state temperature was attained and recorded in
Table 4. The plot for each of the samples has a negative slope (Figure 4),
indicating the drop in temperature due to cooling experienced by the disc
through heat loss to the environment and the covering insulator. The
cooling rate (‘fj—f) for sample TIN-1 to TIN-10 are given in Table 5. The
cooling rate in each case is almost similar, with the highest value
observed to be 0.023 K/s in TIN-5 and the lowest being 0.013 K/s in TIN-

2, accounting for only a difference of 0.10 K/s between the highest and
lowest rate. The coefficient of determination R? was used to assess the
experimental data's accuracy or fitness (Table 5). From Table 5, the ob-
tained R squared values were above 97%, indicating accuracy since they
are close to 100%. The values obtained for the parameters needed to
achieve the thermal conductivity (k) for each of the samples were
substituted into Eq. (3). Table 5 shows relevant parameters for the
different insulators.

3.3.1. Comparison of the thermal conductivity of the samples based on the
weight of BNT

The thermal conductivity across the thermal insulators as given in
Table 5, was further evaluated categorically based on their BNT weight
concentrations. Four groups, namely; 0 g, 0.4 g, 0.8 g, and 0.97 g, were
considered. TIN-5, TIN-7, and TIN-8 fall under 0 g BNT; TIN-1, TIN-6, and
TIN-10 fall under 0.4g BNT; TIN-2 and TIN-9 fall under 0.8g BNT; and
finally, TIN-3 (being the only sample) falls under 0.97g BNT.

Considering the 0 g BNT group, the samples' thermal conductivity
increased with a reduction in CFF content from samples TIN-5, TIN-7 to
TIN-8. The thermal conductivity values across each sample were
deduced as 0.0520 W/(mK), 0.0571 W/(mK), and 0.0593 W/(mK),
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Table 4. Mean steady-state temperature for the insulators.

Sample TIN-1 TIN-2 TIN-3 TIN-4 TIN-5 TIN-6 TIN-7 TIN-8 TIN-9 TIN-10
Ty (K) TMA 369.75 369.75 367.15 369.45 367.65 369.65 364.45 368.45 369.65 370.45
TMC 320.15 317.15 317.05 315.45 322.45 316.65 327.65 319.65 324.05 341.15
Figure 3. (a) The developed insulator and (b) The experimental set up of Lee's method for the thermal conductivity test.
360
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Figure 4. Variation in temperature of the synthesized TIN with time.
Table 5. Parameters and their values for the thermal insulators.
Sample BNT (g) (K/s) R? 'K W/(mK) Ry (mK/W) Ry (m%K/W)
TIN-1 0.4 0.017 0.982 0.038 26.385 87.071
TIN-2 0.8 0.013 0.999 0.035 28.736 101.035
TIN-3 0.97 0.02 0.970 0.042 23.697 68.436
TIN-4 0.4 0.014 0.977 0.031 31.949 90.990
TIN-5 0.0 0.023 0.981 0.052 19.231 62.423
TIN-6 0.4 0.014 0.977 0.032 30.960 111.084
TIN-7 0.0 0.018 0.998 0.057 17.513 61.646
TIN-8 0.0 0.022 0.986 0.059 16.863 57.842
TIN-9 0.8 0.021 0.991 0.056 17.825 60.214
TIN-10 0.4 0.014 0.990 0.055 18.215 48.160
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Figure 5. Categorical comparison of samples based on BNT content.

respectively (Figure 5). Thermal conductivities for the 0.4g BNT cate-
gory were 0.0379 W/(mk), 0.0313 W/(mK), 0.0323 W/(mK), and
0.0549 W/(mK) for TIN-1, TIN-4, TIN-6, and TIN-10 respectively. The
0.4 g BNT followed the similar trend as that of 0 g BNT with the only
exception for TIN-1 with a greater « value than TIN-4 which could be
due to the environmental condition at which the experiment was con-
ducted. For the 0.8 g BNT group, TIN-2 and TIN-9 made up of 8 g, and
7.2 g of CFF have x value 0.0348 W/(mK) and 0.0561 W/(mK)
respectively. The thermal conductivity for TIN-2 is lesser than that of
TIN- 9 (Figure 5). Finally, the 0.97 g BNT with TIN-3 the thermal
conductivity value of 0.0422 W/(mK).

The effect of CFF on the thermal conductivity (Figure 6) is that in-
crease in CFF content resulted in decreased thermal conductivity, indi-
cating that CFF has suitable insulation property. Since the property of a
thermal insulator is also obtained as thermal resistivity, Rt (the inverse of
thermal conductivity), the higher the resistivity, the better the insulation
property of the material.

Comparing best insulators in these groups, for the group 0 g BNT, TIN-
8 is the best insulator with a 0.0593 W/mK thermal conductivity. The
0.4g BNT group has TIN-4 with 0.0313 W/(mK) as the best. TIN-2 with
thermal conductivity of 0.0348 W/(mK) for 0.8 g BNT group. Finally,
TIN-3 of 0.97 g BNT (the only sample if this group) has 0.0422 W/(mK).

Predicted vs. Actual
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Figure 6. The plot of predicted (W/mK) against actual value (W/mK) for the response.
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Table 6. Diagnostics reports showing Experimental, Actual, Predicted and Residual Values for adjustment.

Sample TIN-1 TIN-2 TIN-3 TIN-4 TIN-5 TIN-6 TIN-7 TIN-8 TIN-9 TIN-10
Response (Therm. Cond.) Experimental 0.0379 0.0348 0.0422 0.0313 0.052 0.0323 0.0571 0.0593 0.0561 0.0549
Value
Actual Value 0.035 0.0348 0.0452 0.0313 0.055 0.0358 0.0544 0.0566 0.0433 -
Predicted Value 0.0338 0.0351 0.0461 0.0315 0.0563 0.0377 0.0538 0.0557 0.0414 -
Residual 0.0012 -0.0003 -0.0009 -0.0002 -0.0013 -0.0019 0.0006 0.0009 0.0019 -
(experimental — predicted value)
Leverage 0.64 0.626 0.664 0.462 0.734 0.64 0.413 0.734 0.626 -
Internally Studentized Residuals 1.16 -0.262 -0.913 -0.118 -1.376 -1.781 0.449 1.019 1.756 -
Externally Studentized Residuals 1.234 -0.229 -0.888 -0.102 -1.641 -3.392 0.399 1.025 3.177 -
Cook's Distance 0.399 0.019 0.274 0.002 0.87 0.941 0.024 0.477 0.858
Influence on Fitted Value DFFITS 1.646 -0.296 -1.249 -0.095 -2.726 -4.524 0.335 1.702 4.107
Standard Order 6 4 8 9 2 5 7 1 3
Table 7. Fit statistics of the R%
Std. Dev. 0.0018 R? 0.9859
Mean 0.0423 Adjusted R? 0.9683
CV. % 4.25 Predicted R* 0.8773
Adequate Precision 17.8542
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Figure 7. The contour plot of predicted (thermal conductivity) against BNT and CFF.

Considering these insulators, TIN-4 with 0.0313 W/(mK) has the lowest
heat flow allowance, accounting for the best property as an insulator.
TIN-10 with 0 g CFF has a thermal conductivity of 0.0549 W/(mK),
which is the highest in the 0.4 g BNT group. TIN-10 can be termed as
having the most deficient insulation property with no CFF compared to
the rest materials in this group. The results are similar to that reported
elsewhere [4, 52].

3.3.2. The resistance value (Ry)

The resistance value (Table 5) is a property for checking how well a
material resists conductive flow [51, 52]. The higher the Ry, the more
excellent its resistance and so its thermal insulating property. The 0%
containing CFF nanocomposite was the least of this property (48.1603
m?K/W) than the other insulators. The highest value was noticed for
TIN-6 (111.0836 m?K/W), followed by TIN-2 with 101.0345 m?K/W,
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Figure 8. 3D Surface response of thermal conductivity versus CFF and BNT.

Table 8. ANOVA (analysis of variance) of quadratic model.

Source Sum of Squares DOF Mean Square (Variance) F-value p-value Interpretation
Model 0.0009 5 0.0002 56.05 0.0009 Highly significant
A-CFF 0.0000 1 0.0000 4.94 0.0904 Marginally significant
B-BNT 0.0005 1 0.0005 156.03 0.0002 Highly significant
AB 0.0000 1 0.0000 3.70 0.1269 Not significant
A% 0.0000 1 0.0000 7.12 0.0559 Significant

B? 0.0006 1 0.0006 191.55 0.0002 Highly significant
Residual 0.0000 4 3.22E-06

Lack of Fit 0.0000 3 4.29E-06

Pure Error 0.0000 1 0.0000

Cor Total 0.0009 9

and TIN-4 with 90.9904 m?K/W. Others are TIN-1, TIN-3, TIN-5, TIN-7,
TIN-8, and TIN-9 following sequentially. However, it is often preferred
for economic reasons that a thermal insulator should offer excellent
resistance to heat flow at a lower thickness. Considering this fact, TIN-4
with a lesser thickness of 2.84 m is preferable, compared to TIN-6 (3.588
m) and TIN-2 (3.516 m). If we assume that TIN-4, TIN-6, and TIN-2 were
all made up of 3.588 m thickness (as possessed by TIN-6 with the highest
R-value), then TIN-4 will maintain even a higher Ry of 114.6326 m%K/W
TIN-6 and TIN-2 with Ry of 111.0836 m?K/W and 103.1034 m?K/W.

3.4. Comparison of experimental and the predicted values from CCD

The experimental results obtained were compared to the predicted
values by the CCD method, where the R? was obtained as 0.8773. To get
an R? above 0.8999, the response (thermal conductivity) attained were
adjusted (Tables 6 and 7) to fit with the response predicted. The fit
statistics is presented in Table 7. The predicted R? of 0.8773 is in
reasonable agreement with the adjusted R? of 0.9683 because of the
difference of which is less than 0.2 (Design Expert 11). Also, adequate
precision, which measures the signal to noise ratio (where a ratio greater
than 4 is desirable) was found to be a ratio of 17.854. This indicated that

the signal was adequate. Therefore, this model (Equation 4) can be used
to navigate the design space. The lack of fit and degrees of freedom
analysis was obtained as 3, which agrees with the recommended value
of at least three and pure error of one. These conditions ensured a valid
lack of fit test.

K =0.0315 — 0.0014A — 0.0089B — 0.0017AB + 0.0022A” + 0.0135B>  (4)

The plot of predicted against the actual value of the response (thermal
conductivity) is given in Figure 6 shows a close agreement of the actual
values with the predicted value. The contour (Figure 7) shows a value of
0.03W/(mK), which is almost similar to the experimental value of
0.0313W/(mK) (sample 4). The interaction between BNT and CFF on the
thermal conductivity response is presented in Figure 8. The contour plot
and the 3D response curves help analyze the interactions between factors
on the responses, determining optimum levels for factors and responses
[53, 54]. In the diagnostic report (Table 7), the leverage for each run is
reported with values greater than O and less than 1. The leverage of a
point ranges from O to 1 and indicates how much an individual design
point influences the model's predicted values. The more the leverage is
closer to 1, the more the residual value will be closer to 0. Hence, the
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closeness of the observed values of the experiment to the predicted values
can be noticed from the table.

3.5. Analysis of variance

Analysis of variance (ANOVA), as provided in Table 8, was applied to
the results to determine the statistical significance and fitting of the
quadratic model to this study. From the fit summary where different
process orders were examined like the linear model, quadratic, cubic,
mean, linear, and the interactions were tested, the quadratic was seen to
have the highest F-value and lowest P-value. Hence, the quadratic model
was selected for the analysis. The quadratic model was further tested to
obtain more statistical results. The model fitness test is achieved by
checking for F-test. When a P-value for a test is less than 5%, it implies
that a model term is significant. The F-test returned an F-value of 56.05
and p-value (<0.05), which implies that the model adopted for the study
is accurate and highly significant. The amount which the model predic-
tion missed the observation known as lack of fit under the degrees of
freedom (DOF) analysis column (Table 8) was obtained as 3, which is in
agreement with the recommended value of at least three (3). This
conditioned, along with a pure error of 1 ensured a valid lack of fit test.
The terms expressed in model for B (linear value), A2 and B? (squared
values) are significant model terms. Meaning that the linear effect of BNT
(B) and the quadratic effects of A (CFF) and B (BNT) are significant in the
production of the insulator. P-value > 0.10 indicates the model terms are
not significant, and this is the case with term AB (interaction of CFF and
BNT on production of insulator is not significant, having no pronounced
effect).

4. Conclusion

In this study, thermal insulators were developed using CFF in com-
posite with BNT as nanofiller and starch binder. Nanocomposites of 0%,
5% and 10% bentonite clay to 8 g of feather were formed. The quadratic
process model was analyzed using ANOVA. The thermal conductivity (k)
of the composites materials is affected by the BNT content of the samples
and was noticed by the various categories. Better insulation property was
observed by group 0.4 g BNT in TIN-4 with 0.0313 W/mk against 0 g BNT
in TIN-8 with 0.0593 W/mk, 0.8 g BNT in TIN-2 with 0.0348 W/mk and
0.9 g BNT in TIN-3 with «k of 0.0422 W/mk. However, the control sample
TIN-10 with 0 g of CFF has the highest k value of 0.0549 W/mk and can
be termed the poorest in terms of thermal conductivity and with the least
insulation property of 48.1603 m2k/W. In contrast, sample TIN-4 has the
highest value of 114.63 m?k/W. The experimental value thus agreed with
the predicted values obtained from the central composite design through
leverage analysis.

5. Recommendation

This study seeks the development and encouragement of synthetic-
independent thermal insulators where waste chicken feathers are used
as the primary source by curtailing some health and ecosystem related
issues instigated by synthetic polymers and the after use of chicken
feather waste. Hence, it is recommended that:

i. More investigations should be carried out on the application of
chicken feather wastes to develop synthetic-independent thermal
insulators, which will be an inexpensive raw material for the
industry.

ii. Thermogravimetry and thermal diffusivity studies should be car-
ried out to better diversify and harness the application of the CFF
as a thermal insulator.

iii. Utilization of this material as an alternative thermal insulation
source whose application will be useful in construction, domestic
and industrial purposes due to its light weight and low cost.
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