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Abstract

Objective: Current research is aimed to emphasize the use of bio-based com-
posites in the form of thermal insulation, achieving complete degradability.
Low density bio-composites have gained moderate importance as its develop-
ment is in its primitive stage because of the processing and preparation issues.
Methods: A preliminary investigation is carried out based on the results of the
selected reinforcements Eggshell (ES), Groundnut Pod (GP), and Paper Cellulose
(PC) with Tamarind Seed Gum (TSG) binder to justify the thermal behaviour in
terms of thermal conductivity, thermal resistivity and diffusivity of various com-
positions; also conducted morphological characterization to justify molecular
level bonding phenomenon. The fungal development on the composites is pre-
dominant and is addressed by use of additives, the additive samples are tested
and analysed for change in properties. Findings: The preliminary experimen-
tal results motivated the use of PC reinforcement for further investigation. The
samples of various compositions are synthesized for further testing. The aver-
age 'k’ obtained from ES, GP, and PC based composites is 0.13, 0.083 & 0.052
W/mk respectively. The PC based composites depicted promising results in con-
trast with the commercially used insulation materials. Novelty: Considering
the harmful effect of commercially used non-degradable insulation materials,
an attempt is made in this research to synthesize a new completely biodegrad-
able composite material for thermal insulation.

Keywords: Morphology; thermal properties; theoretical model;
biocomposites; density

1 Introduction

Traditional insulation materials like fiberglass, mineral wool, cellulose, polyurethane
foam, Polystyrene etc, are extensively used in buildings. Due to recent developments in
the field of thermal insulation, there is enhancement in the desired properties, but these
developments do not address the issue of their impact on the environment (V. Some of
these materials are non-degradable and possess a certain threat to the environment,
impacting it®. Its important to develop new material that possess the required
properties without affecting the environment. Feasible solution is to employ
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the naturally available or artificially synthesized degradable materials which involve minimal processing and can be
manufactured in the form of composites.

As per the requirement, materials can be characterized in to organic and inorganic insulation materials®. Most metals
possess high thermal conductivity limiting its use in thermal insulation, this emphasized use of non-metallic’s for the said
application.

Many researchers have developed composite based materials using natural reinforcements with a combination of synthetic
based polymer binders like phenolic, epoxy, polyurethane, and polyester based resins®, some of which possess better
retardation against fire and better dimensional stability along with better strength but are non-degradable.

The literature study presented the consolidate research carried out by various researchers in the field of thermal insulation ),
compare the fillers incorporated in composites in terms of thermal conductivity, and correlate thermal conductivity with the
density. The present article deals with the performance of the synthesized composites in terms of composite thermal insulation
to minimize heat loss maintaining the required temperature inside the building.

By the extensive literature review, tamarind seed gum is considered as the binder for present application. Tamarind seed
powder is obtained from the kernel (Seed core) gathered from tamarind tree (Tamarindus indica) is a by-product of tamarind
pulp. Kernel powder in a wet state is a creamy white to light tan in colour. A small amount of fat is present in the seed causing
a tendency for the gum to form lumps.

Table 1. Composition of tamarind seed kernel ©.

Content Percentage
Protein 15.4% t0 22.7%
Oil 3.0% to 7.4%
Crude fiber 7% to 8.2%
Non-fiber carbohydrates  61% to 72.2%
Ash 2.45% to 3.3%

The composition (Table 1) of seed kernel determines the bonding characteristics of the synthesized composite. The kernel
powder is dispersible in the water when gum starts to form in the form of gel giving a smooth, continuous, and elastic film,
possesses moisture content of 11.3 &= 1.4 %. The bulk density of tamarind seed is marginally higher for the whole raw seed (821
to 840 kgm—3) than for the roasted kernel (760 to 771 kgm’3 ). The roasted tamarind kernel can absorb water at 245.7 + 6.2
and 196.6 £ 5.0 gms/hr.

Table 2. The mineral content of tamarind seed kernel
Mineral Content  Quantity

Calcium 120.0 mg/100 g
Magnesium 180.0 mg/100 g
Potassium 1020.0 mg/100 g
Sodium 210.0 mg/100 g
Iron 80.0 mg/100 g
Zinc 100.0 mg/100 g

The mineral content in the kernel (Table 2) reflects on the physical as well as thermal properties of composites. The tamarind
seed contains polysaccharide between 60 & 65 % and is a galactoxyloglucan which is a combination of galactose, xylose, and
glucan forms a highly viscous gel when in contact with hot water for around 5 minutes. TSG is biocompatible, biodegradable,
non-toxic, thermally stable, and bonds hard with the reinforcement.

Tamarind kernel powder is a highly branched carbohydrate polymer chemically possesses nonnewtonian flow properties,
as they are in most other hydrocolloids. The suitability of tamarind kernel powder as a carrier to boost the solubility rate of
the poorly water-soluble medication celecoxcib. To find a compatible reinforcement with TSG, an extensive literature review is
carried out, considering the environmental aspects, three bio-degradable materials were chosen as reinforcements with TSG,
namely Eggshell, Ground Nut Pod and Paper Cellulose.

Each of these reinforcements was chosen based on compatibility, manufacturability, availability, process ability, and
degradability. Synthesis of samples is done to compare these reinforcements in aspects like thermal conductivity, diffusivity,
and resistivity, to know which material possesses required thermal properties. Conducted morphological characterization to
see the interaction of TSG with selected reinforcements.
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2 Materials and Processing

The tamarind seeds are processed to get the kernel powder which is the source of gum. Tamarind seeds are available abundantly
in the various parts of rural India and can be gathered from the places where the seeds are disposed off as a waste product in
a larger quantity from many tamarind pulp-based farms and industries. Extraction of tamarind seed polysaccharide (gum)
comprises following steps”), which involves roasting the seeds at a temperature of 110°C for 10 minutes in a pan ensuring
uniform roast of testa (outer shell). The purpose of roasting is for ease of testa removal from the tamarind seed, the roasting
time also varies depending on the age of tamarind seeds. After adequate roasting, the seeds are hammered to separate testa
from the kernel which employs manual hammering or use of rotary hammer mill operated at low RPM. Further grinding of
the seeds, done to convert the kernel into a fine powder.

? | 1)1 b«'f':;

Fig 1. Processed reinforcements of eggshell (a), groundnut shell (b) and paper cellulose (c).

The gum from kernel powder is prepared by indirect heating the powder in the presence of a gum formation medium like
distilled water maintained at the temperature of 100°C for approximately 15 minutes. The quantity of distilled water to be added
is approximately double the mass of kernel powder utilized. The rate of evaporation of distilled water while the heating process
is found out to be 3 gm/min. The gum becomes more viscous as more water gets evaporated from the mixture, which is not
desirable because of the in-homogenous distribution of reinforcement in the sample.

The first reinforcement used in combination with TSG is Eggshell (Figure la) particulates containing calcium carbonate
(CaCO3) at large, with traces of other elements like Iron, Zinc, and Phosphorous. The ES is chosen based on its ability to
sustain higher temperatures without altering the properties. The particulates are obtained by breaking the shell into a smaller
size, followed by mechanical sieving to segregate uniform-sized particulates. The membrane present on the ES triggered the
decaying of the sample generating a bad odour while curing. To separate the membrane from ES, the particulates are processed
by treating with a moderate acid solution, followed by alkaline treatment with 5% v/v®.

The second reinforcement GP (Figure 1b) is selected based on its lower thermal conductivity(g). Groundnut is one of the
commercial and widely grown crops in India and is the third-largest producer of this crop %, is the waste product produced
after extraction of nuts from its pod. Newer innovations in composite materials have emphasized the use of GP for some
applications like compressed particulate boards. The GP consists of 65.7% Cellulose, 21.2% Carbohydrates, 7.3% Proteins, 4.5%
Minerals and 1.2% Lipids ")), Compared to ES the processing of GP is not tedious. Mechanical grinding is employed to break
the shell into fibers and these fibers can be directly employed in the synthesis of composites.

The third reinforcement PC (Figure 1c) is currently used in building insulation in the form of loose-fill insulation !?, which
has a lower K value compared to the other two reinforcements 13, The PC is processed in various stages!4). Paper is cut into
approximate sizes, followed by soaking in distilled water for 2 hours containing a small percentage of detergent powder, this
helps in releasing the ink into the solution. The wet paper pieces are ground to be disintegrated into fibers, these fibers are again
soaked into the distilled water for one hour to remove any residues or impurities, followed by oven drying for one hour. During
this process agglomeration of some of the fibers takes place forming lumps of fiber. These lumps are separated from the rest of
the fibers, soaked, ground, and dried to separate the fibers.

3 Syntheses of samples

Samples for K’ are prepared as per the dimensions shown in Figure 3 to test in Lee’s and Charlton’s apparatus. Samples are
synthesized by varying the composition of matrix and reinforcement and before testing, the samples are maintained at a
temperature of 24°C £ 4°C for 24 Hours. A mould of dimensions 30 mm thick and 120 mm diameter is employed to prepare
thermal conductivity samples considering the shrinkage and machining allowance. The combination of open and compression
moulding processes is employed to synthesis the samples.
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4 Characterization of sample

4.1 Morphological characterization

Characterization based on surface morphology is carried out to visualize the intensity of bonding between the matrix and the
reinforcement. Figure 2 depicts the micrograph of ES and GP reinforced TSG composites of 50:50 composition. Roughness
persists on the surface of the ES samples, cavities can be visualized at 200X magnification, which reduces the strength as well
as ‘K, as density and ‘K are correlated. Moderate interaction is seen at the interface of matrix and ES reinforcement.

Better interaction is observed between the interface of GP and TSG which enhances the strength of the composite. The
specimens have less mass compared to ES based composites mainly because of the pores structure of GP also reduces the
density of composites.

Fig 3. Optical Microscope micrograph of GP reinforced TSG composite at 50X (Left) and 200X (Right) magnification of 50:50 compositions
respectively.

Morphological characterization of PCTSG composites is employed to visualize the surface characteristics of the samples. The
sample with composition 30:70 (Figure 4a) has marginal interface between TSG and PC, the loose fibers are visible as adequate
matrix is not present between the interface. Higher cavitation is observed in this concentration which helps to attain a lower
k with reduced mass. This composition (30:70) is less prone to degradation due to minimal fungal development and retains
roughness after machining. A similar phenomenon is observed in the second sample (Figure 4b) bearing the composition of
40:60. The sample of composition 50:50 (Figure 4c) shows a moderately better interface between PC and TSG with reduced
cavitation which helps in attaining better strength of the composite. The sample in Figure 4d shows a better interface between
TSG and PC. Tamarind seed particles of a higher size that have partially formed in the form of gum are clearly visible in the
image. A higher concentration of TSG here has resulted in the reduction of cavities. The specimen with the highest concentration
of TSG is seen in Figure 6e. This high concentration results in the creation of a void in the sample while curing, resulting in
cavities in the sample, increasing the roughness of the machined sample.
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Fig 4. PCTSG composite micrographs (a,b,c,d,e) of various compositions at 50X magnification.

4.2 Fiber aspect ratio (AR)

The Aspect Ratio of the fibers significantly affects the properties of composites. Short fibers tend to increase compressive strength
and long fibers tend to increase the flexural as well as tensile strength (1), The average diameter/thickness of the cellulose fiber
is found by measuring the diameters of selected samples at various places at 200X magnification by image analyzer software as
depicted in Figure 5. The average of the diameters is found out to be 40.3 1.

Fig 5. Microscopic image of paper cellulose fiber at 200X (a) and 50X (b) magnification.

The average length of PC fibers is calculated by considering the lengths of sample fibers at 50X magnification. The average
length (L) of PC fibers is determined as 1588, governed by the equation of aspect ratio. The aspect ratio of PC fibers is found
out to be 39.4.

L
AR = 7 (1)

5 Results and discussions

Various thermal properties are tabulated which are essential to quantify the synthesized samples as thermal insulators. Based
on the time-temperature data, the curve is plotted as seen in Figure 6. The linear fit is plotted on the curve to tabulate the slope
of the curve. It is observed that the less steep the curve, less will be the value of slope which affects the value of k. Following
equation is used to tabulate the thermal conductivity of samples; where ‘my’ is mass of brass disk, s’ specific heat of disc, ‘dT/dt’
is the slope generated from the temperature variation, A’ is the area of specimen, T'1 and T2 are temperatures of brass disk and

steam chamber respectively.
()
m . S . x . —
2
= dt (2)

- A(M-D)

Thermal conductivity values are tabulated and compared as seen in Figure 7 The thermal behaviour of ES based composites is
noticed as the ‘K’ value of the sample reduces with the decrease in filler content, since the ES possess a ‘K’ value of 0.456 W/mk (1),
The higher concentration of filler content in the GP based composites possess a lower ‘k’ value and goes on increasing with the
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Fig 6. Slope with the linear fit (Time — Temperature Curve) of PCTSG samples.

increase in matrix content since the K’ value possessed by GP is 0.12 W/mk 7). A similar phenomenon is observed in the case
of ‘PC’ based composites where cellulose possesses the ‘K’ value of 0.04 W/mk 1®). The average ‘K value possessed by PC based
composites is 0.052 W/mk compared to other investigators possessing ‘K’ value in the range of 0.03 to 0.16 W/mk 1%20),
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Fig 7. Thermal conductivity of eggshell (ES), groundnut shell (GP) & paper cellulose (PC) based samples.

A high-density material, by and large, maximizes weight and also is an aspect of "low’ thermal diffusivity and "high’ thermal
mass, is an important property, mainly because it influences the mass and thermal conductivity of the material. The density of
the samples is found out as depicted in Figure 8. ES inherently possesses higher mass; this is reflected in the samples as well.
The ES based samples show the density in the range of 1.3 to 1.4 gm/cm?® which is higher in comparison. The GP based samples
possess density falling in the range of 0.5 to 1.03 gm/cm?® which is better when compared with ES based composites. The PC
based samples possess density in the range of 0.4 to 0.6 gm/cm? for the filler content varying from 30% to 70%, which is better
when compared with ES and GP composites.

Thermal resistance is one of the thermal properties considered for thermal insulation, can be considered as the ratio of the
temperature difference between the two faces of a material to the rate of heat flow per unit area, whereas the material resists a heat
flow. Thermal resistance governs the heat insulation property of a material. Lower heat loss persists for higher thermal resistance.
The thermal resistance, ‘R; is governed by two parameters which are thermal conductivity k, and the material thickness ‘h’.

h
R=— (3)
k
The equation 3 is considered to calculate the thermal resistance, where instead of considering the thickness of the sample, a

specific thickness is considered (100 mm) to maintain uniformity of calculation, since the composite thickness has a higher
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The graph, as seen in Figure 9shows the tabulated readings of thermal resistance, which shows the variation in ‘R’ value by
considering the thermal conductivity of the synthesized samples. It is noted that the ‘R’ value goes on reducing with an increase
in ‘K value, which happens because of an increase in matrix and reduction in filler content in the composite samples.
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Fig 9. Thermal resistance of eggshell (ES), groundnut shell (GP) & paper cellulose (PC) based samples.

Another thermal insulation property that is thermal diffusivity (¢), usually describes the rate of temperature spreading
through the material. ‘o’ is calculated considering the thermal conductivity and the specific heat capacity of a material in
terms of mm?/s. Thermal diffusivity is a material-specific property, varies with the composition of the material in composites
and characterized by unsteady conduction of heat. The ‘¢’ value describes how rapidly a composite responds to change in the
temperature. Figure 10 shows the variation in ‘o’ values of respective samples, where the average & value of the ES, GP, and PC
samples is 1.22, 0.946, and 0.829 m?W/K respectively. The « value fairly decreases with an increase in TSG and decreases with
an increase in filler content. As thermal insulation is considered, the ¢ should be lower in order to resist the diffusion of heat
through the composite. The ‘@’ is determined by the following equation; where ‘9’ is density of sample.

k

- dxCp @

The Specific Heat Capacity (c,) of material is basically the amount of heat necessary to raise the temperature of 1kg of the
material by 1K or by 1°C. A good insulator should have a ‘c,” value which makes it take up more time to absorb the heat before it
really heats up to transfer the heat content. Higher ‘c,’ is the feature of materials to provide thermal mass or thermal buffering for
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Fig 10. Thermal diffusivity of eggshell (ES), groundnut shell (GP) & paper cellulose (PC) based samples.

heat transfer. Figure 11 shows the ‘c,” of samples, where results of ‘c,” of samples are tabulated by Rule of Mixtures, considering
the c,, values of fillers and Tamarind seed powder. Higher ‘c,” values are seen in the lower composition of TSG and higher filler
content in the case of GP and PC composites, whereas ES based composites show marginal variation in the c,’
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Fig 11. Specific Heat Capacity of eggshell (ES), groundnut shell (GP) & paper cellulose (PC) based samples.

6 Correlation between density and thermal conductivity

To conduct heat effectively a physical medium is essential, increase in density basically means a material has more mass to
conduct heat, whereas the composites with lower density contain small air pockets, which makes it to possess lower thermal
conductivity since the air possesses K value around 0.02W/mk. Figure 12 shows the scatter diagram of the ES, GP, and
PC samples. It can be seen that the lower density samples possess lower K’ value and as the density of samples varies, the
corresponding variation in ‘K value is noticed.

7 Theoretical model for thermal conductivity

Many theoretical models have been derived based on the two-phase mixtures ®! to predict the effective thermal conductivity
of the materials based on the factors like direction of heat flow, the arrangement of materials, and the size of filler material. All
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the theoretical models are derived on three inputs, which are thermal conductivity of matrix (k;,), the thermal conductivity of
filler (ky), and the volume fraction of filler (¢). One of the commonly used models is Series Model which can be seen in the
below equation:

1 _ 11— o
vl > (5)
For Parallel Model the equation derived is:
ke=@ kp+(1—0@) kn (6)

Maxwell’s equation is considered for lower concentrations of filler material in which the filler is in contact with the matrix but

not with filler. The Maxwell model is derived as:

kf+2-kp+2-@(kp—kn)
ki+2-ky—@ks—kn)

kc = km [ ] (7)

Russel developed the model assuming the discrete phase are isolated cubes dispersed in the matrix, this model is a combination
of series and the parallel network is as shown below:

2 2

K =
@3 +-=(1-93)
kg

5| (8)
— km —
93—+ ~(1+9—-93)
f

Figure 13 shows the comparison of the experimental results for thermal conductivity of samples with the results of various
theoretical models, consistent deviation in the experimental and theoretical results is observed except for the samples namely
GP5 and PC5 possessing the highest concentration of filler content. This variation is assumed to be the material density and
homogeneity of synthesized composites.

8 Conclusion

Nature is filled with a variety of materials, a combination of which we can produce in the form of composites that possess various
properties. An effort is made in the present work to utilize some of the materials which are naturally available in nature and
to synthesize the composites, test, and find the thermal properties. Considering complete bio-degradability and environmental
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aspects, based on literature, Tamarind Seed Gum is used as a matrix, and Egg Shell, Ground Nut Pod, and Paper Cellulose are
considered as reinforcements, further these reinforcements are used in combination with TSG to synthesize the samples for
testing Based on the test results selection of single reinforcement is done for further investigation. It is noticed that the k, p,
R, @, and ¢, values of ES does not fall in the required range, which raises the question of its suitability as thermal insulators,
however the ES’s performance is better at elevated temperatures. The GP composites moderately possess the required values in
comparison with ES but degrade in properties at elevated temperatures. PC composites possess the required values compared
to ES and GP. The average ‘K value possessed by PC based composites is lower than ES and GP composites, making it ideal
composite for insulation applications, as cellulose is employed in the form of loose fillings, this research fulfilled the need for
it to be used in the form of biodegradable composites. Morphological characterization showed the compatibility between the
matrix and reinforcement used which further affects the strength of the composite. In the effort of finding better properties
from the composites, there is a trade-oft between lower K’ value and high-temperature performance.
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