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ABSTRACT

The goal of this study was to understand the potentiality for recycled textiles to be used as
environmental-friendly insulation materials and to understand the structure-property relationship
of such insulation materials. A systematic study was conducted to evaluate the recycling of used
apparel to produce commercially feasible sustainable insulation products using nonwoven
fabrication techniques with a biodegradable thermoplastic binder fiber (Sorona® or PLA).
Produced materials showed very good insulation properties with maximum transmission loss of
about 24 dB at around 1000 Hz and minimum thermal conductivity value of 0.049 W/mK, which
are much better than those of commercially available insulation materials.

Another study conducted to understand the effect of processing parameters on the properties
of insulation materials, showed that with the increase of bonding time and temperature, thickness
decrease, whereas density increases, air permeability initially slightly increases, then decreases,
and acoustic insulation property increases, but thermal insulation property decreases.

Insulation materials were also prepared utilizing 3D printing technology to check the effect of
structural parameters on insulation properties with the assumption that precise structural

parameters produced by 3D printing technology would show accurate relation compared to



nonwoven composites, which are irregular by nature. Results showed a similar effect of structural
parameters on insulation properties that was observed in nonwoven composites.

An analytical model is proposed by combining and modifying Maxwell-Eucken model to
predict thermal insulation properties. Tested results showed that experimental data agree with the
predicted data with a percentage of difference less than 8.5%.

A cradle to gate life cycle assessment (LCA) was conducted to check the environmental
impacts of produced insulation materials. The result showed that produced insulation materials
have overall very low environmental impacts compared to stone wool and natural flax.

This systematic study revealed that produced insulation materials have very good potentiality
to be used as environmentally friendly building insulation materials that can replace the
commercially available ones. Waste textiles have the potential to give another useful life before
safely disposing of them in composting environments.

INDEX WORDS: Textile waste, insulation materials, nonwoven composites, structure-property

relationship, LCA, analytical modeling.
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CHAPTER 1

Introduction
One of the biggest challenges of the 21% century is to maintain sustainability in all levels of energy
resources and environmental context [1]. There is a steadily increasing concern in the energy and
environmental sectors [2]. In the energy sector, concern is mainly due to the imbalance between
the consumption and limited resources of energy [3]. In the environmental sector, concern is due
to the rapid increase of world population with their consumption rate, and gradual increase in
tendency to discard materials to landfill as waste before the end of lifetime of the products [4].
Building and automobile sectors are considered as main consuming sectors of global energy. At
the global level, it is estimated that buildings consume about 40% of the global energy, 25% of
global water, and 40% of the global resources [5]. Buildings are responsible for one-third of CO-
productions [6], approximately two-thirds of halocarbon, and 25-33% of black carbon emissions
[7]. In Europe, buildings are accountable for the consumption of 40% energy [8] and for the
emission of 36% of the total CO. [9]. Therefore, reducing energy consumption in buildings is
becoming a major concern and is challenging policies in the present world [10].

Thermal insulation in building materials can play a vital role in reducing energy consumption.
Using efficient insulation materials can help save energy by minimizing the losses and gains of
heat during heating and cooling of buildings [11]. Based on literature, a good insulation could save
about 65% of energy consumption in domestic buildings [12] and could save over one hundred
times of the impacts of carbon footprint from material usage and disposal, irrespective of the type

of materials used [13].



Of the several ways to reduce CO> emission during construction and renovation of buildings,
some of the efficient techniques are improving building design to save energy, increasing use of
sustainable building materials such as reuse or recycling [14], increasing use of renewable energy
(solar, wind, hydropower, bioenergy), integrating solar system with building to supply energy to
building [15]-[17], reducing electricity consumption (as a result of indirect emission) by using
more efficient instruments, utensils and lighting, and capturing and storing of CO>. Carbon capture
and storage methods have the potential to reduce CO2 emissions by more than 80% [18]. However,
this technology is not fully commercially proven yet [18]. CO is captured by combustion process
followed by transport and storage. However, combustion is a very costly process. According to
the US National Energy Technology Laboratory, post-combustion capture of CO2 would increase
the cost of electricity production by 70% [19]. However, widely used technique is to use building
insulation materials that reduce CO2 emission by reducing energy consumption [20]. It was
observed that solid wall insulation is the most cost-effective approach to reduce CO2 emission
when applied to large electrically heated buildings and used in conjunction with building
construction or renovation [20].

On the other hand, the gradual increase of noise pollution due to urbanization, industrialization,
increased use of vehicles, electrical and mechanical appliances in home and industry, become a
major health and environmental concern [21]. Noise pollutions are responsible for several health
effects, including sensorial, stress, high blood pressure, coronary heart disease, and stroke [22]. In
most cases, the diagnosis is not immediate, which leads to further worse situations. A study
estimated that about 65% of European citizens are exposed to noise levels which may lead to
several adverse effects on health [23]. Besides health problems, noise pollution also disturbs work

and reduces work efficiency of humans [24]. Sound insulation is certainly one of the techniques



that can be used to reduce the harmful effects of noise. Several countries in Europe have
regulations that buildings must install soundproof materials to reduce the adverse effect of noise
pollution [25]. These regulations have further increased the demand for efficient and low-cost
sound insulation materials.

Thus, by using effective insulation material, it is possible to minimize energy consumption and
adverse effect of noise pollution. At present, commonly used building insulation materials are
polyurethane foam, glass wool, mineral wool, fiberglass, expanded polystyrene (EPS), extruded
polystyrene (XPS), polyurethane, and others [26].

1.1. Problem

The problem with currently used building insulation materials is that these materials are produced
from synthetic sources, which have adverse environmental and health effects [27]. It was estimated
that around 60% of manufactured thermal insulation materials in buildings come from mineral or
inorganic fibrous materials (glass and stone wool), 30% are from foam materials (expanded
polystyrene, extruded polystyrene, less widespread polyurethane), and the remaining 10% are from
other non-traditional or composite materials (wool-wood insulations, gypsum-foam, etc.) [28]. In
2011, mineral wool and plastic shared 52% and 41% of the world thermal insulating materials
market [5]. These types of materials can have adverse effects on the environment due to their non-
renewable and non-disposable properties [5]. Glass fiber-based materials are obtained from silica
sources [27] which have carcinogenic effects on human body [29]. Similarly, sound insulation
materials are also composed of porous synthetic materials, including rock wool, glass wool,
polyurethane, or polyester, which are generally based on petrochemicals [27] and have an adverse
effect on human health and environment. Due to these adverse effects of insulation materials, the

demand for environmentally-friendly insulation materials is increasing [30].



1.2. Approaches to Solve the Problem

Several researchers have been proposed to solve and reduce the adverse effect of synthetic
insulation materials on human health and environment. Some authors proposed natural materials
and fibers to develop thermal and acoustic insulation panels [31]-[35] due to their positive
environmental effect, low carbon footprint [36], and low hazardous effect on health. However,
some researchers have expressed doubt on the actual sustainability of natural materials as some of
the natural materials (fibers, flax, sunflower stalk, and others) are produced using toxic chemicals
[30]. Again, these products are not compatible to replace the presently used synthetic insulation
materials due to their low mechanical and insulation properties [37].

In this research, we try to come up with a new idea to solve these critical problems. We plan
to produce and evaluate insulation materials by blending waste textiles (cotton/nylon fibers) with
biodegradable thermoplastic fibers (PLA/Sorona®) using nonwoven techniques. Using waste
textiles, which otherwise go into landfill, for acoustic and thermal insulations can help the
development of energy performance, reduction in consumption of non-renewable resources,
reduction of strain on the environment, and improvement of the health of humans and other living
beings [38].

1.3. Rationale

Every year millions of tons of clothing and textile wastes are discarded in landfills which cause
serious environmental pollution. In 2017, 16.9 million tons of textile wastes were produced in the
USA, which was about 6.3% of total municipal solid waste (MSW). Among these huge amounts
of textile wastes, only 2.57 million tons were recycled, and 11.15 million tons were discarded to
landfills [39]. These huge amounts of landfilled textile wastes cause series of environmental

pollution by contaminating groundwater and forming greenhouse gases upon decomposition [40].



Decomposed biodegradable textile waste produces methane, a powerful greenhouse gas that
contributes to global warming [41]. On the other hand, due to non-biodegradable and toxic nature,
harmful effects of the landfilled synthetic materials on environment are immeasurable.

These huge amounts of textile waste have great potentiality for reuse or recycling into value-
added products. It is estimated that up to 95% of textile waste could be recycled into different
valuable products [40]. Waste textiles could be recycled into fibers which can be utilized to
produce yarn and fabrics. However, fabric production process from waste textiles is costly, and
the quality of recycled fiber is lower (very short fiber length and respinning into yarn is hard) than
the virgin fibers [42]. Thus, fabric production by recycling is not economically viable. Recycled
waste textiles could be applied in many fields such as automotive, furnishing, sailing and/or
insulation. Among several application fields, recycled textiles have excellent potential to be used
as insulation materials [43].

Producing acoustic and thermal insulation materials by textile waste is one of the effective,
sustainable recycling processes. Recently researchers also found that the physical properties of
textile waste are very much comparable to that of the conventional building insulation materials
[21]. For this reason, textile wastes are recommended as feedstock to building insulation materials
by several researchers with multiple benefits [44]. It will help to get rid of adverse environmental
effects due to landfilling of textiles waste, help to reduce the fiber production by extraction or
agricultural methods which contribute the highest amount of carbon footprint in apparel sector
[40], and help minimize the deleterious effect of using synthetic insulation materials. Waste for
one sector would be a prospective reusable resource for another segment.

Again, textile fibers have excellent insulation properties. Materials produced from textile fibers

are porous in structure that have the ability to absorb energy and are suitable to produce good



insulation materials [26]. Insulation properties of cotton waste are comparable to those of synthetic
EPS, and cotton has very good potential to be used as an alternative to EPS and other cushioned
insulations [45].

Successful recycling of textiles also has socio-economic benefits. New jobs will be created in
the collection, sorting, and recycling of clothing and will provide opportunities for establishing
small or family businesses [46]. A circular economic system will be developed, which will boost
the national economy [47]. A report published by European Union estimated that the transition to
a circular system could generate a net economic benefit of €1.8 trillion by 2030 [48].

However, there is an obstacle to using recycled fibers due to their shorter fiber length. To
overcome this problem, in this research, nonwoven techniques were utilized to produce insulation
panels because these techniques are not only cheap and suitable to process short recycled fibers,
but also produce a porous and bulky structure of materials that further enhance the thermal
insulation properties.

Some other researchers studied natural and recycled fibers to produce building insulation
materials due to their positive environmental effect, low carbon footprint, and less harmful effect
on health [5], [31], [33]-[35]. Ricciardi et al. used recycled polypropylene fiber and paper to
produce acoustic insulation materials. [49]. Some other researchers like Binici et al. mixed textile
waste, sunflower stalk, and stubble fibers [31], Tiuc et al. mixed polyurethane foam with textile
waste [50], and Trajkovi¢ et al. used polyester apparel cutting waste to produce acoustic insulation
materials [51].

However, these researches are in very initial stages, and most of them fail to produce
sustainable insulation materials. For example, produced insulation materials by Ricciardi et al. are

not environmentally friendly as their products involve relatively large energy consumptions (267.7



MJ) and a high global warming potential (14.68 kg COzeq) in comparison to similar synthetic
insulation materials like EPS [49]. This may be from the use of glue for binding fibers. Therefore,
for producing sustainable insulation materials from recycled textiles, researchers may need to
avoid external chemicals for binding. In this research, instead of using just any chemical
resin/binder, thermoplastic fibers (PLA or Sorona®) were used as binding agents. Most of the other
researchers did not conduct life cycle assessment (LCA) to check the sustainability of insulation
materials. However, insulation products based on natural resources did not necessarily warrant
more environmentally friendly products [11]. A quantitative environmental assessment is
necessary to define a product as environmentally friendly. Therefore, in this research, LCA was
conducted to check the true sustainability of insulation materials.

Hence, it is clearly evident that although some research has been conducted to produce
sustainable insulation materials, these researches are in very initial stages, and present market is
completely occupied by conventional synthetic insulation materials. More research is needed to
help make sustainable insulation materials that are lightweight, cost-effective, and have very good
insulation properties [52]-[54].

1.4. Hypothesis

It is hypothesized that produced insulation panels from waste textiles will be environmentally
friendly and will give good insulation and physical properties.

1.5. Objectives

The objective of this paper is to identify the realistic picture of the present status and the potential
for recycled textiles to be used as environmentally friendly insulation materials and to understand

the structure-property relationship of such materials. To achieve these goals, a systematic study



has been conducted to evaluate the recycling of used apparel to produce commercially feasible
sustainable insulation products.

In this study, nonwoven fabrication process has been utilized to produce insulation materials
that can process short recycled fibers. Low melting thermoplastic biodegradable fibers
(PLA/Sorona®) have been utilized as binder fibers which have potentiality to replace the glue and
toxic binding chemical and reduce the environmental impacts. After producing materials, their
insulation properties have been determined and compared with commercially used insulation
materials. A thorough structure-property relationship was also determined in order to understand
which factors have significant influences on insulation property and the strategies to improve
insulation properties. Another study was conducted to understand the effect of processing
parameters (thermal bonding conditions) on thickness, density, air permeability, and porosity and
subsequently on thermal and acoustic insulation properties of produced composite materials.
Insulation materials were also prepared utilizing 3D printing technology to recheck the effect of
structural parameters on insulation properties as it is assumed that precise structural parameters
produced by 3D printing technology would show accurate relation compared to nonwoven
composites, which are irregular by nature. An analytical model was proposed by combining and
modifying Maxwell-Eucken model to predict thermal insulation properties of porous fibrous
materials. This study also investigates the applicability of existing models (series, parallel, ME1,
MEZ2, and EMT) for predicting thermal insulation properties of such materials. Finally, A cradle
to gate life cycle assessment (LCA) was conducted to analyze the environmental impacts, to
analyze the environmental impacts at different manufacturing stages, and to compare the impacts

of several thermal insulation materials.
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CHAPTER 2

Literature Review
2.1. Acoustic Insulation
2.1.1. Sound absorption of porous materials
In order to achieve good acoustic insulation properties, the materials should be porous in structure.
Porous materials allow sound to enter their matrix and dissipate. When sound waves enter into
porous materials, air molecules within the pores vibrate that transform sound energy into thermal
and viscous heat [1]. At low frequencies, this energy is dissipated by the isothermal process
(limited amount), but at high frequencies, energy is lost by the adiabatic process [1], [2]. As a
result, a low amount of sound is absorbed in low frequency, but absorption is higher at high
frequency, resulting in low sound absorption coefficient at low frequencies.

Textile fibrous products which are porous in structure can absorb sound energy and can be used
as good sound-absorbing materials [3]. Some of the useful parameters that can influence sound
absorptions are the diameter, length, and regularity of the fibers. Textile fibers with high density
can increases the sound absorption value in the mid to high-frequency ranges [4]. Thicker materials
comparatively have lower air permeability but higher sound absorption properties [5]. The
nonwoven structure has good sound absorption properties at the mid and higher frequency range
but low sound absorption properties at lower frequencies (100—400 Hz) [6].

Several researchers have studied the relationship between noise reduction coefficient and

various macro/micro-structural parameters of fibers [7], [8]. Both empirical and theoretical models
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have been developed to describe the acoustic absorption properties [9]. These models have been
mainly developed based on fiber length, fiber diameter, porosity, bulk density, and thickness.
Empirical models were built applying regression analysis or curve fitting procedures by
measuring the characteristics of wave impedance and propagation constants [10]-[12]. Delany and
Bazley developed acoustic model using a non-acoustical parameter of airflow resistivity for
predicting the acoustical characteristics [13]. Delany and Bazley's models were developed over a
specified frequency range (10 <f/c <1000) and with a porosity of the material close to 1.
Therefore, this model can be applied with materials that have a high fraction of pores. Furthermore,
this model was developed by measuring fibers whose diameters were between 1 and 10 pm, but
some natural fibers’ diameters are around 20 to 50 um [1]. Hence, Delany and Bazley's model has
limitations for use with structures produced from thicker fibers [12], [14], [15]. Garai and Pompoli
modified the Delany—Bazley model by experimenting with thicker polyester fibers (20 to 50 um
diameter) [12]. Garai—-Pompoli model gives more accurate results when using natural fibers with
larger diameters [1]. Several other authors, including Dunn-Davern [16], Miki [17], [18], Ramis
[19], and Yoon [20], also proposed models to predict noise reduction coefficient. But the reliability
of these models is limited for the interpretation of the behavior of natural materials due to high
irregularity of fibers’ diameters, pores, and structures [2].
2.1.2. Measurement of sound absorption
According to literature, researchers use several parameters (transmission loss, absorption
coefficient, scattering coefficient, and sound reduction index) to describe acoustic properties of
insulation materials. The sound reduction index (R) is used to measure the acoustic properties of
the real sized sample, including windows, door, wall, and ventilator. It can be measured in decibels

following the international standard (1ISO 10140) by using the following equation [21].
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R=L1—I_Z+10Iog% 2.1)

where, L1, L» are the energy average sound pressures in the source and receiving room respectively
(dB), S is the area of the free test opening in which the test element is installed (m?), and A is the
equivalent sound absorption area in the receiving room (m?)

But impedance tube is used to measure the acoustic properties of small size samples. By using
impedance tube, several parameters of sound can be calculated, including absorption coefficient

(o) [22] and transmission loss (TL), by applying the following equations [23].

a=1-|r (2.2)
TL=-20log[7] (2.3)

where, r is the reflection coefficient, and 7 is the transmission coefficient.

There are several international standards to measure these acoustic properties, including I1SO
10534- 2 [24], 1SO 354 [25], and ASTM C423-17 [26]. Sound absorption properties could also be
measured using a single rating system, including noise reduction coefficient (NRC) and sound
absorption average (SAA) [27]. NRC is the arithmetic average of sound absorption coefficients at
four 1/3 octave frequencies (250, 500, 1000, and 2000 Hz) to the nearest multiple of 0.05. SAA is
also the arithmetic average of sound absorption coefficients at twelve one-third octave bands from
200 to 2500 Hz to the nearest multiple of 0.01.

2.2. Thermal Insulation
Heat transfers from higher temperature to lower temperature by conduction, convection, and
radiation processes. Thermal insulation is the property of a material to reduce heat flow or transfer.

Heat transfer by radiation can be reduced by using absorbing or reflecting surfaces [28]. Heat
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transfer by conduction can be controlled by using less conductive materials and breaking the
continuous structure [29].

Transfer of heat through fibrous materials depends on the number of fibers, packing geometry,
contact between fibers, and temperature differences [30]. Heat transfer through conduction and
radiation can be reduced by increasing the thickness of fibrous assemblies [31]. Thicker webs for
the same areal density entrap a higher amount of air that reduces conduction [32]. Thicker webs
also create a tortuous path that increases the absorption or scattering of radiation and reduce heat
transfer [28], [32].

As thermal insulation properties of materials depend on porosity (Smith et al., 2013) and
tortuosity (ratio of the open pores length and the thickness) of that material [33], textile fabrics
that have a huge fraction of interconnected voids [34] have become good choice to produce thermal
insulation materials.

Fibrous insulation materials produced by nonwoven techniques possess adequate small void
spaces with entrapped air layers which are ideal for preventing convective heat transfer [35]. The
layering of several fibrous webs increases air layers and thickness without adding proportional
weight that increases the thermal insulation properties of those materials [36].

Thermal insulation property of a material is normally measured by thermal conductivity (k) or
thermal transmittance (U-Value). Thermal conductivity can be defined as the rate at which heat is
transferred at unit length of a material in a direction perpendicular to the surface of a unit cross-
sectional area as a result of the temperature gradient. It is quantified by using the units of W/mK.
Thermal transmittance is the rate at which heat is transferred through one square meter of a material

with a 1K temperature difference. It is denoted by W/m?K.
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If heat flow, Q, (W) passed through an area (A) of m? of the fabric with a thickness of L (m) at
a temperature difference (T:-T2) of K, then conductivity factor k (W/mK) can be expressed by
following equation [37].

k=QL/A(T,-T,) (2.4)
Specific heat resistance (r) is the characteristic inverse of k and is expressed by the following
equation [38].

r=1/k=A(T,-T,)/QL (2.5)

Thermal resistance, Rin (M?K/W) of textile fabrics, is the ratio of actual thickness (L) of sample
in meter to the thermal conductivity (k).
R, =L/k (2.6)
Thermal conductivity is considered the most important parameter to evaluate thermal insulation
material. A material with a thermal conductivity lower than 0.07 W/mK can be regarded as a
thermal insulator [27]. Thermal conductivity can be measured by following international standard
ASTM C518 [39], and thermal transmittance can be estimated by following 1SO 6946 [40].
Thermal insulation value of textile materials can be determined by three common methods, Disc
or plate methods (The lee’s disc method), constant temperature method, and the cooling method.
The lee’s disc method is commonly practiced in laboratories [41].
2.3. Textile Waste Context
2.3.1. Present condition of textile waste
Clothing is one of the five basic needs requires for the survival of human beings. However,
presently, in many parts of the world, clothing is subject to fashion, and style results in
overconsumption of clothing [42]. Consumption of apparel and textile products has been
increasing rapidly due to the increase of world population, consumer’s buying power, and
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changing consumption and fashion patterns [43], [44]. Fast fashion textile industries are
responsible for high production and consumption of apparel and textiles. About 20% of global
wastewater is produced by fashion industry. Fashion brand Burberry had burned about $40m of
unsold clothes, accessories, and perfume instead of selling it off cheaply, in order to protect the
brand's value [45]. Within 15 years, from 2000 to 2014, global clothing production has increased
by 100%. At present, on average, a person buys 60 percent more clothing items and uses half of
the time compared to 15 years ago. These changing consumption behaviors are generating a huge
amount of textile waste [46]. In the US, from 2000 to 2014, the amount of textile waste has
increased by 71.1%, while overall other solid waste has increased by 6.17%. Only 16.2% of this
textile waste has been recycled [47], and most of the wastes are disposed into landfills. It is
estimated that around 92 million metric tons (mt) of textile waste is produced annually, and this
waste is likely to increase by about 60% from the year 2015 to 2030 [48]. In 2017, 16.9 million
tons of textile wastes were produced in the USA, which were about 6.3% of total municipal solid
wastes (MSW). Among these huge amounts of textile wastes, 11.15 million tons were discarded
in landfills [49]. Similarly, in Europe, among 5.8 million mt of waste textile, only 1.5 million mt
were recycled, and rest of the 4.3 million mt were sent to landfills [27], [33], [50]. A recent report
estimated that the present waste of textiles in Europe has increased to about 16 million mt per year
[51]. In addition to these, a huge amount of waste is produced in the textile industry during the
manufacturing process. These wastes are composed of short fibers, yarns, threads, cutting waste,
fabric scraps, and rejected fabric in quality control sections [52]. Figure 2.1 shows a summary of

textile waste around the world.
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Figure 2.1. Worldwide production of (a) textile waste and (b) textile fibers, based on the data from
various sources cited.

It seems that post-consumer textile wastes are landfilled as it is the most convenient method.
But things are changing in the developed and densely populated cities where it is difficult to find
an open space to discard waste. In USA, it is estimated that the average landfilling cost of waste
per ton (0.907 mt) was USD 50.3 in 2017, and present increase in rate of landfilling cost is about
6 percent which will be much higher in the future [53]. The condition is worse in the northeastern
states of the US, where landfilling cost was 74.75 USD per ton (0.907 mt) in 2017 [53].

2.3.2. Environmental effects

Rapid increase in generation of textile waste has been creating a serious problem on the
environment and on public health. It is estimated that the annual environmental effect of a family's
clothing is equivalent to the amount of water needed to fill 1,000 bathtubs and the amount of
carbon dioxide that is emitted due to run a modern car for about 6,000 miles [46]. The emission of
CO: is predicted to increase by more than 60% to nearly 2.8 billion mt by the year 2030 [48].
Studies have estimated that if half of the people in UK use their clothes nine months longer than

their present use time, then the carbon footprint and water footprint will decrease by about 8% and
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10%, respectively [54]. Based on these results, one can easily understand that textile waste has
huge adverse effect on the environment.

Both natural and synthetic fibers are responsible for this harmful effect. Textile waste from
natural cellulosic fibers produces methane gas after degradation, which is a powerful greenhouse
gas and is responsible for global warming [55]. Formation of greenhouse gases may also pollute
groundwater. In 2017, 30 people died in Srilanka due to exposure to high concentration of methane
gas which was produced by careless landfilling of waste [56]. Textile waste from organic animal
fibers like wool produces ammonia, which is responsible for creating toxicity in land and water
[57]. Synthetic textile waste, which comes from petroleum-based resources, has a more adverse
effect on the environment due to its non-biodegradable and toxic characteristics. Textile waste that
is discarded in landfills also produces leachate after decomposition, which has the potential to
pollute both surface and groundwater sources [58]. Therefore, just by discarding textile waste, we
are polluting our environment in various ways, at the same time contributing to depleting our
valuable natural resources.

2.3.3. Sources of textile waste

Textile waste comes from a variety of sources, starting from fiber producers to end-users. Although
most of the textile waste comes from household sources, wastes from production lines are also
increasing. Based on sources, textile waste can be classified as pre-consumer or post-industrial,
and post-consumer [59].

Pre-consumer waste or post-industrial waste is generated during the manufacturing process of
apparel and textiles. These types of wastes include short fibers, combers noils, yarn waste, rejected
fabrics due to manufacturing or dyeing faults, garments cutting waste, rejected garments,

trimming, and end lots from surplus production [60]. It is estimated that a total of 10-20% textiles
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are wasted during the manufacturing process [61]. Post-industrial textile wastes are considered
virgin or clean waste as the materials are discarded without being used [56].

Post-consumer textile waste is referred to any types of clothing or textiles that are no longer
used by the consumer due to damage, wear, out of fashion, or any other problems in the materials
that end the willingness to use the products by the consumer. These post-consumer textile waste
can be used for different purposes. It is estimated that more than 70% of useful life remains at the
time of discarding the clothes [62].

2.3.4. Reuse or recycling of textile waste

Textile waste can be utilized in different applications by reuse or recycling the waste [63]. Reuse
of textile waste means extending the serviceability of textiles with or without some preceding
modification and transferring to a new consumer [64]. Recycling means converting the textile
waste into new (textile or non-textile) products with or without damaging the previous one [65].

Recycling routes of textile waste can be mechanical, chemical, thermal, or combination of
mechanical, chemical, and thermal processes. Based on the disassembling process, recycling can
be referred to as fabric recycling (also referred to as reuse), fiber recycling (fabric dissembled up
to fiber), and polymer recycling (break it down to polymer) [65]. Based on end products, recycling
can be classified into two categories. One is recycling within the production process which is
related to the production of new items that are similar to the textiles. Another approach is recycling
out of the production process, which refers to producing a different item like developing a
composite material for building insulation [60], [66].

Cost of recycling also varies with recycling routes, dissembling process, and categories of
recycling. Again, industrial data of recycling cost is hardly found in the literature. However, we

can indirectly get an idea about recycling cost to produce insulation materials, and it is very cheap.
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For example, at present, average price of 1 kg cotton fiber is $1.39 [67], and average price of 1 kg
cotton yarn is $2.80 [68]. Therefore, production cost of 1 kg cotton yarn should be less than $1.40
(as yarn price $2.80 includes fiber price, profit, and other costs). General production process of
yarn from fibers includes blow-room, carding, drawing, roving, and spinning. On the other hand,
most insulation materials from waste textiles are produced by nonwoven techniques, which
required only carding process. Hence recycling waste textiles required one step out of five steps
of yarn production. Therefore, it is possible to get an idea about recycling cost, which would be
around one-fifth of the production cost of yarns.

Although recycling cost of textile waste is low, and it is estimated that up to 95% of textile
waste could be recycled into different valuable products [56] but still, the rate of recycling is
relatively low. This may be due to the diversity of fibrous waste and structure [59]. Textile waste
varies with colors, types, compositions, and properties make it difficult to find an appropriate
recycling technique [63]. In order to promote the recycling rate, Directive [69] has been passed in
European parliament. Integrated knowledge and effort are required to increase the rate of recycling
[52], [70] and for producing economically feasible products.

Producing acoustic and thermal insulation materials by textile waste is one of the effective,
sustainable recycling processes. Recently researchers also found that the physical properties of
textile waste are very much comparable to the conventional building insulation materials [71]. For
this reason, textile wastes are recommended as feedstock to building insulation materials by
several researchers [72].

The recycling of textile waste into building insulation materials has potential benefits in
environmental, health, social, and economic sectors. The use of high quality thermal and acoustic

insulation materials can reduce strain on the environment, energy consumption, space required for
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landfill, virgin fibrous materials, greenhouse gases, pollution (noise, air, water, land); can save
petroleum, fuel, and natural resources; and can improve the healthiness of human habitat [52],
[73], [74]. The recycling of textile waste as an insulation material could also develop a new model
of the circular economy [60]. By producing acoustic and thermal insulation materials, it is possible
to get rid of the harmful effect of discarded textile waste, a new market or economy can grow for
selling and buying these discarded textiles. On the other side, by producing low-cost thermal
insulation materials, energy required for heating and cooling of our buildings and automobiles can
be reduced.

2.4. Conversion of Waste to Acoustic and Thermal Insulation

Conversion of textile waste to thermal and acoustic insulation materials is not a straightforward
process. As the type of textile waste is different, including industrial or post-consumer, synthetic
and natural, therefore the conversion process is also varied.

In general, at first, pre-consumer textiles or post-consumer garments are accumulated from
various textile industries and consumers. After that, the wastes are preciously categorized
according to their fiber type, quality, and color. Then these wastes are cut into small pieces,
shredded, and carefully opened back into fibers without breaking the length of the fibers. The
obtained fibers are sorted again based on the characteristics of fibers, including length, strength,
and count [75]. But for synthetic fibers, the process can go back up to polymer formation. Then
these fibers or polymers may be used to produce thermal or acoustic insulation materials by a
nonwoven processing technique, including web formation, web bonding, and finishing. According
to desired end properties, different fibers can be blended together. In some cases, nonwoven

materials may undergo high heat and pressure to produce hard composite materials.
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However, all researchers do not follow the same steps. Researchers are continuously developing
novel methods to optimize processes for maximum benefits. Some researchers directly used scrap
fabric, then join them together and produce insulation materials [76], [77]. Several others used
nonwoven techniques and prepared composites by applying heat and pressure [78]-[80]. Some
researchers used waste textile fibers and mixed them with building materials, including lime,
cement [81]-[84].

2.4.1. Direct method

In this method, fabrics are directly used to produce insulation materials without converting fabrics
into fibers. In some cases, the opening of fabrics into fibers may lead to loss of structure and
mechanical strength of fibers. Synthetic fabrics like polyester may get melted due to the heat
generated from the applied mechanical force during the conversion of fabrics into fibers. On top
of that sometimes fiber recycling may not be economically beneficial due to higher time and
energy. In these cases, fabrics are directly used for the manufacture of insulation materials [77].

Several researchers investigated the use of waste fabrics directly to produce insulation materials
[76] by cutting textile wastes and then stabilizing the wastes by stitching. Trajkovic et al. directly
used polyester apparel cutting to construct the insulation structures [77]. In this research, three
different types of polyester woven clothes were collected, then cut into small species (both
irregular and exactly small species) by using rotary blades and vertical knife, and marked them A,
C, and D (Figure 2. 2). Trajkovi¢ et al. also collected polyester knitted (70/25/5 PES/cotton /
Lycra®), converted them into partials fibrous form (for comparison), and marked them as B (Figure

2.2).
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(d)

Figure 2.2. Wasted polyester (a) Woven cut pieces at different size (b) Knitted fabric with fibrous
form (c) Woven cut pieces at average dimension 6 x 4 inches (d) Woven cut pieces at average
dimension 8 x 4 inches (reprinted with permission) (Adapted from [77]).

Trajkovic¢ et al. encased the cutting waste by using 100% polypropylene nonwoven fabric and
prepared insulation materials. By applying this method, very good thermal and acoustic properties
were achieved with the thermal conductivity ranging from 0.0520 to 0.0603 W/mK and NRC
ranging from 54.71 to 74.77%, and no significant difference with sample B to others [77].

2.4.2. Nonwoven technique

Nonwoven is the most commonly used technique for preparing insulation materials [77]. Several
researchers have tried to produce acoustic and thermal insulation materials from waste textiles by
the nonwoven technique [78]-[80]. Nonwovens are ideal methods for producing insulation
materials due to their unique fiber orientation and porous structure [85].

General steps in nonwovens techniques start from the fiber or polymer that is recycled from
textile waste. The recycled fibers are then transformed into webs with different areal densities.
Web formation is a process where loose fibers are arranged in a sheet structure by laying down of
fibers in a number of ways, including dry-laid webs, wet-laid webs, spunbonding, and film casting.
Both staple and filament fibers can be used to produce a fiber web depending on the technique
used [86]. After web formation, there needs to be some kind of bonding between the fibers to

increase the strength and stability of the materials. There are mainly three different bonding

processes, chemical (latex or chemical reagents), thermal or heat, and mechanical bonding (needle
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punching or hydroentanglement) [86]. Selection of web formation and bonding process depends
on several factors, including fiber type, required strength, density, thickness, and the desired end-
use properties of the produced nonwovens. General steps of dry-laid webs (carding) and needle

punched bonds are presented in the following (Figure 2.3).

//, T Carding Needle
Baleof I Fiber Fiber 1 beam
fiber web _
Fiber .
separating Feeding and Transfer
laydown for bonding
(@) (b)

Figure 2.3. Schematic diagram of (a) web formation (dry-laid) and (b) bonding (needle punch)
(Adapted from [86]).

Wazna et al. used the nonwoven technique to produce insulation materials from acrylic and
wool wastes [85]. After collecting textile wastes and shredded into fibers, these fibers are opened
and cleaned into short-staple fibers. Then, fiber webs with controlled thickness were produced by
a dry-laid process where fibers were introduced into the card stage and folded ten times per meter.
Wazna et al. used needle punching technique for bonding [85] which is the oldest method of
making nonwoven fabrics. A barbed needle is used, which is driven upward and downward
through fiber webs. These actions of needles interlock the fibers and hold the structure together by
frictional forces. In this method, bonding is done without using any toxic binders [60]. Wazna et
al. produced four different nonwoven thermal insulation materials by varying waste materials and
got excellent insulation performance, with thermal conductivity values in the range of 0.03476—
0.04877 W/mK [85].

Patnaik et al. also used a similar nonwoven technique to produce thermal and acoustic insulation
materials from waste wool and recycled polyester fibers (RPET) [87]. In this research, a bale

opener was used to convert the waste textile into individual fibers, followed by cross lapper to
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produce a cross-lapped web and a needle punching machine to make a bond of the fiber web. In
addition, the authors included a mixture of diammonium phosphate and sodium tetraborate as a
fire retardant (5% by weight) and silicon (1% by weight) with the fiber web to increase the fire
retardancy and moisture resistance properties of the insulation materials. The average thermal
conductivity and sound absorption coefficients of their materials were 0.032 to 0.035 W/mK and
0.42 to 0.58 (at 1000 to 2000Hz), respectively [87].

Zach et al. produced thermal and acoustic insulation materials using recycled cotton, polyester,
and flax fiber [74]. In this research, a nonwoven technique was also used, but instead of using the
carding process, airlay method was used for web formation. In airlay method, fibers can be
separated by suspending them in an airstream then blowing the fibers onto a moving belt to form
a uniform layer of fiber web [86]. The production capacity in airlaying method is higher than that
of the carding process [74]. After forming layers of fiber webs, bonding was done by the hot-air
or mechanical bonding process. Zach et al. designed five different mixtures of the sample by
combining polyester, flax, cotton, and bicomponent fibers of polyester with lower sheath melting
temperature. The average thermal conductivity and absorption coefficients of their materials were
0.037 to 0.049 W/mK and 0.7 to 0.9 (at around1000 Hz) respectively [74].

2.4.3. Preparing composites with heat and pressure/compression molding

Insulation materials from textile waste can also be produced as composites by applying heat and
pressure. In most cases, fiber webs are initially produced by a nonwoven technique. After that,
heat and pressure are applied to different layers or mixture of fibers to form the composite. When
the cellulosic fibers are used in the mixer or layer of composite, extra care should be taken so that

the high temperature does not degrade the cellulosic fiber. If the melting temperature of synthetic

28



binder fiber is higher than that of the cellulosic fiber, then the plasticization and hydrolysis process
are done to reduce the melting temperature of the synthetic fiber.

Palakurthi developed a composite material from recycled PET and cotton [88]. As the melting
temperature of PET (260°C) is higher than the degradation temperature of cotton (146°C), she
treated PET with plasticizers (2 Phenyl phenol, Benzyl Butyl Phthalate, Diallyl Phthalate, Benzoic
Acid) and alkali (Dimethyl Sulfoxide, Tetramethyl ammonium hydroxide) to reduce the melting
temperature of PET [88]. Ramamoorthy et al. also investigated reusing of discarded cotton/PET
blend fabrics as reinforcement in composites [89]. Three compression-molded concepts were
discussed and evaluated. In the first method, the melting temperature was used higher than that of
polyester fabric with or without using plasticizer. The drawback of this method was that cotton
fiber degrades due to high temperatures. In the second method, a bio-based resin from soybean
oil was used as a matrix. And in the third method, a thermoplastic core-sheath type bi-component
fiber was used that is carded and needle punched to form a nonwoven fabric. Ramamoorthy et al.
placed this nonwoven between layers of recycled cotton/PET fabrics and subjected it to
compression molding to form composites. Compression molding temperatures were used in such
a way so that the sheath of the bicomponent fiber melts and acts as a matrix. Ramamoorthy et al.
were able to produce a composite successfully by using methods two and three without degrading
cotton fiber. It was observed that the composite produced by the third method showed four times
improved mechanical properties, and 2.2 times higher tensile strength from composite types 1 and
2, respectively [89].

Lin et al. produced composite materials for acoustic and thermal insulation by using recycled
Kevlar/Nylon/low-melting polyester nonwoven, which is reinforced with recycled polypropylene

selvages [90]. Similar to the previously discussed methods, Lin et al. also produced
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Kevlar/Nylon/low-melting PET nonwoven fabrics through the opening, blending, carding,
lapping, and needle-punching processes. Then these nonwoven fabrics were passed through 1-mm-
gap Twin-Roller Hot-presser at 160°C at a speed of 0.5 m/min. After that, 10 wt% of two-layer PP
nonwoven selvages were kept between Kevlar/Nylon/low-melting PET nonwoven fabrics and did
needle punching again. Finally, the composite layers were hot-pressed at different temperatures.
Lin et al. found the best puncture resistance of their hot-pressed composite layer at a temperature
of 180°C. It was also observed low thermal conductivity and good sound absorption coefficient

for their five layers composite materials, which were 0.047 W/mK and above 0.9 at 1000 Hz,

respectively [90].
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Figure 2.4. (a) Shredded PU, (b) Shredded NS, and (c) molded sample (reprinted with permission)
(Adapted from [56]).

Dissanayake et al. used nylon/spandex (NS) and polyurethane (PU) to produce insulation
materials by using a compression molding technique [56]. At first, NS and PU fabric wastes were
collected and shredded into very small pieces (2 mm x 2 mm) (Figure 2.4a and Figure 2.4b) by
using a commercial shredding machine. Then NS and PU were mixed at different ratios.

After that, circular insulation materials were produced (Figure 2.4c) with varying thickness

using a compression molding method where the shredded samples were pre-heated and
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compressed by high pressure. It was observed the best thermal conductivity at the composition
(%W/W) 60:40, NS: PU with a thermal conductivity value of about 0.0953 W/mK [56].
2.4.4. Mixing with building materials
Textile waste has been used with building materials (lime, cement, and others.) for decades. Textile
fiber shows a higher homogeneity in its performance than agro-based fibers [91]. Fabric weight is
about 1/30 to the brick, steel, or concrete which can be used as a low-cost reinforcement material
[92]. Recently researchers observed that textile waste used in mud-brick structures [83], [93], [94],
or other ways to produce buildings has several other advantages, including earthquake resistance
[93], low thermal conductivity [94], and good sound insulation properties [83]. Along with these
properties, textile fiber can increase strength, performance, and durability of the building materials
[52], [95].

The conversion of textile waste to thermal and acoustic insulation materials is very simple
when used with building materials. Here conversion method is completely different from
nonwoven and composite techniques. In this case, there is a need to mix the textile waste with

appropriate ratio with the cement, lime, water, bricks, and other building materials.

Figure 2.5. Textile waste fiber and produced board (reprinted with permission) (Adapted from

[52]).
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Several research articles investigating the use of textile waste with building materials [81]-[84]
have already been published. Del Mar Barbero-Barrera et al. used textile fiber waste with natural
hydraulic lime to produce boards with higher acoustic and thermal insulation properties [52].
Initially, textile wastes (mainly cotton) were collected from industry (Figure 2.5a), and without
any further processing, these wastes were mixed with natural hydraulic lime and water with three
different ratios. After several days of curing and drying, the samples were tested (Figure 2.5b). Del
Mar Barbero-Barrera et al. got the best thermal conductivity of 0.14 (W/mK), which is much lower
than the similar board made with wood-gypsum (0.189 to 0.277 W/mK) [96] (Bekhta and
Dobrowolska, 2006) and newspaper sandwiched aerated lightweight concrete panel (0.300 — 0.600
W/mK) [97]. But the acoustic absorption coefficient was about 0.2 at 2000 Hz which is
comparatively low. Higher compression strength was also observed after using textile waste fiber
[52].

Binici et al. used textile waste (cotton), sunflower stalk, and stubble fibers to produce sound
and thermal insulation materials for building applications. In this research, insulation boards were
produced by two approaches: one is by using plaster and another by using epoxy as a binder [98].
In the first method, the mixture of textile wastes and sunflower stalks was grounded. Then these
materials were applied to the wall (mud bricks, concrete bricks, and red bricks) along with plaster
binder. In the second method, sunflower stalks, cotton waste, and textile waste fiber were mixed
with an epoxy binder at different ratios and produced layers. After that, high pressure was applied
to these layers to produce insulation boards. Binici et al. found lower thermal conductivity of the
wall (0.0728 W/mK) and high sound insulation properties compared to the wall without these

insulation materials [98].

32



2.5. Life Cycle Assessment

Life Cycle Assessment (LCA) is a systematic way to assess or estimate the environmental
impact of a product in its complete lifetime from production to disposal [99]. It covers every phase
from raw materials to disposal [100]. Normally, design and development of a product are not
included in calculating LCA as it is considered that design and development do not significantly
impact the environment. But some researchers have disagreed with this and showed that design
and development of a product could enormously affect other stages of life cycle [101]. For
estimation of LCA of a product, the emissions to air, water, and land are assessed during
production, use, and disposal of the product. After that, the assessed amount is related to the
possible environmental effects, including resource depletion, ozone depletion, and global warming
[99]. A complete LCA analysis can be accomplished by following the international standards of
ISO 14040 [102] and 1SO 14044 [103].

LCA analysis is normally done by some consultancy companies or research institutes [75].
Several researchers have evaluated the effect of cotton cultivation on environment both by
conventional and organic agriculture methods [104], [105] and the effect of different dyeing and
finishing processes on the environment [106], [107] using LCA. Van der Velden et al. have studied
LCA of different textile fibers, polyester, nylon, acrylic, and cotton, and determined the
comparative effects of these fibers on the environment [108]. But in the case of recycled textile

fibers, only a limited number of researchers did some LCA study [99], [109].
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Figure 2.6. The carbon footprint of the Swedish apparel sector over one year (reprinted with
permission) (Adapted from [110]).

Roos et al. studied the LCA of Swedish apparel sector to investigate the contribution of carbon
footprint (Figure 2.6) at different stages of clothing and textiles from fiber production to end of
life [110]. Here carbon footprint of cotton, polyester, and polyamide was determined at different
production stages [110]. Some other researchers also estimated carbon footprint and water
footprint of textiles. Cotton consumption is accountable for 2.6% use of global water [111].
Worldwide water consumption for the production of cotton fiber from 1997 to 2001 was 256 GM?3

(256 x 10%° liters) [111].

One of the ways to reduce water consumption is to replace cotton fibers with recycled cotton.

Roos et al. found that in Swedish factory by using recycled cotton fiber over one year, carbon
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footprint and water consumption can be reduced by around 2.4 x 10° tons equivalent CO2 and
above 900 billion liters of water, respectively. Similarly, by using recycled polyester, carbon
footprint and water consumption can be reduced by around 2.3 x 10° tons equivalent CO2 and
above 1000 billion liters of water, respectively [110].

van der Velden et al. did LCA analysis of textiles made of cotton, polyester, nylon, acryl, or
elastane. It was observed that acrylic and polyester have least effect on environment, and cotton
has the highest effect [108]. Woolridge et al. conducted life cycle assessment at different stages of
textile manufacturing of cotton and polyester fibers, including fiber, spinning, knitting, dyeing,
and garments sections. It was found that by using one tonne of cotton and reused polyester
garments, the net energy of 64 951 kWh and 89 811 kWh can be saved [99]. After considering
several factors, including extraction of resources, manufacture of materials, electricity generation,
clothing collection, processing, distribution, and final disposal of wastes, it was found that by
replacing 1kg of virgin cotton with 1kg of second-hand clothing, approximately 65 kWh energy
could be saved. And for one kg of polyester, the energy-saving amount is about 90 kWh
[99]. Production of 1ton recycled polyester garments required only 1.8% energy in comparison to
the production of 1ton polyester garments from virgin materials. Similarly, producing 1ton cotton
cloths needed only 2.6% energy compared to the production of 1ton cotton cloths from virgin
materials [99].
2.6. Thermal and Acoustic Insulation from Different Textile Wastes
2.6.1. Polyester
Polyester is the most widely used fiber in apparel and textiles. In 1990 global polyester fiber
production was 8.67 million mt [112], and present production has increased more than 5 times

compared to 1990. In 2017, the annual production of polyester fiber was around 53.7 million mt,
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which is about 51 percent of the global fiber production [113]. Although Polyester waste is the
leading element of the clothing industry waste, its recycling rate is very low. In 2017, only 14%
of waste had been recycled (Figure 2.7), and a huge amount of this synthetic fiber has been
discarded to landfills as waste [113]. Several researchers are studying approaches to minimize the
environmental effects by recycling polyester waste into different materials, including acoustic and
thermal insulation materials.
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Figure 2.7. Comparison of produced and recycled fibers.

Trajkovi¢ et al. used polyester cutting waste during apparel manufacturing to produce thermal
and acoustic insulation materials [77]. Here polyester cutting waste was directly used as an
insulation blanket for roofing and buildings’ internal walls. A good insulation property was
observed with the thermal conductivity was between 0.0520 and 0.0603 W/mK, and the noise
reduction coefficient was ranging from 54.71 to 74.77%. Trajkovi¢ et al. also found that their
insulation materials had good resistance against fire and were less degradable in moist conditions

[77].
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Lee et al. developed sound-absorbing nonwoven materials using recycled polyester fibers [115].
Here, the influences of fiber diameter and fiber orientation angles on sound absorption coefficient
were also investigated. Although significant influence of fiber orientation on the absorption
coefficient was not found, it was noticed that with the increase in fiber diameter, the absorption
coefficient of nonwoven mats had increased [115]. Drochytka et al. also investigated polyester
waste and found that bulk density (Figure 2.8) had influences on both sound absorption and thermal
conductivity [114]. It was observed that with the increase of bulk density, sound absorption
coefficient increases, and thermal conductivity decrease. But the influence of bulk density is more
prominent for thermal insulation. Drochytka et al. also studied the effect of temperature on thermal
insulation properties. It was observed that the thermal conductivity of polyester mat significantly
decreases with decrease in temperature (Figure 2.8) [114]. Alcaraz et al. analyzed the effect of
microfiber layers on sound absorption properties by adding microfiber layers with the polyester
nonwoven mats [22]. It was observed that the sound absorption coefficient had significantly
increased with the addition of microfiber layers [22]. Valverde et al. developed insulation from
textile industry scraps, constituted of polyester and polyurethane. It was noticed that the insulation

panel showed the lowest thermal conductivity, 0.041 W/mK, at a density of 396 kg/m® [116].
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Figure 2.8. Influence of temperature and bulk density on thermal conductivity of polyester mat
(reprinted with permission) (Adapted from [114]).

2.6.2. Cotton

Cotton fiber is the natural vegetable fiber collected from cotton plant seeds. It is one of the most
cultivated non-agricultural products mainly used in apparel production [27]. At present cotton is
the second largest produced fiber after polyester, and in the case of natural fibers, it is the largest
produced fiber [113]. In 2017, the average production of cotton around the world was 25.8 million
mt (Fig2.7), which was about 24.5% of the global textile fiber market [113]. According to the
Ellen MacArthur Foundation, less than one percent of all clothing is recycled back into clothing
[113]. Therefore, a huge amount of cotton fiber is landfilled as discarded apparel. In addition to
this, a massive amount of virgin cotton fiber is discarded as waste during cotton yarn production.
Several researchers proposed the use of cotton waste for the production of thermal and acoustic

insulation materials.
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Some companies have started commercial production of insulation materials from cotton waste.
Bonded Logic incorporated commercially produced Echo Eliminator™ Acoustic Panels from
recycled cotton fibers. The noise reduction coefficient of their products was 0.8 to 1.15 measured
according to ASTM C 423 standard test method [117].

Kicuk and Korkmaz produced nonwoven composites by mixing cotton and polyester fibers at
different ratios. It was observed that a mixture of 70% cotton and 30% polyester had an excellent
sound absorption coefficient in the mid-to-high frequency ranges [5]. Del Rey et al. also observed
similar results of sound absorption properties for recycled cotton and polyester composites [118].
It was also noticed that the absorption coefficient and airflow resistivity values of recycled cotton
polyester composites are very similar to those of commercially available sound absorptive
materials in the market [118].

SedImajer et al. studied the thermal conductivity of insulation mats produced from recycled
polyester, cotton, and bicomponent fibers at different ratios. It was found that mats with higher
cotton fiber ratio showed better insulation properties [119]. Binici et al. also observed similar
properties for the cotton fiber. In their research, lightweight composite materials from cotton waste
and fly ash were produced, and it was found that the composites with higher amount of cotton
waste showed better thermal conductivity [92].

Some researchers examined the effect of mixing cotton waste with building materials to
improve the insulation properties. Aghaee et al. focused on increasing the thermal insulation of
building materials with cotton waste. In this research, lightweight perlite and concrete panels were
produced for building a partition. Aghaee et al. embedded the waste textile fibers consisting of
cotton fibers and woven meshes of glass fibers, then confined with textile meshes embedded in the

central part of perlite lightweight concrete. The perlite porosity and the textile fiber core reduced
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the thermal conductivity to 0.3 W/mK [120], [121]. Binici et al. also used textile waste (cotton),
sunflower stalk, and stubble fibers to produce sound and thermal insulation material for building
applications [98]. Forty-four samples were produced by mixing these materials at different ratios.
Among 44 samples, some noticeable desirable thermal conductivity values were 0.0871 and
0.0893 produced by a combination of sunflower stem/cotton waste/epoxy (36.36/36.36/27.27) and
sunflower stem/sunflower stalk fiber/cotton waste/epoxy (37.04/7.41/24.69/30.86) respectively
[98]. Rajput et al. mixed recycled cotton waste and paper mill waste with cement bricks. Cotton
fiber waste increased the porosity of cement bricks from 0.18 to 0.29 and improved the thermal
insulation of the building. Thermal conductivity value decreased from 0.32 to 0.25 W/mK [122].
Binici et al. combined cotton waste with fly ash and analyzed the potential use of this combination
for manufacturing low-cost and lightweight composites as building materials. Here cotton waste
and fly ash were mixed with cement and built a model house. Then compared the thermal
insulation properties of this model house with a control sample that was made without using cotton
waste and fly ash. Binici et al. determined that the thermal insulation properties of their model
house were superior to that of the control one (thermal conductivity was 29.3% lower). The
compressive strength, flexural strength, unit weight, and water absorption properties of their

developed materials also fulfilled the required standards [84], [123].
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Figure 2.9. (a) Sound absorption coefficient of polyester, flax, and cotton mixtures at different
frequencies (b) Average absorption coefficient of polyester, flax, and cotton mixtures at five
different ratios (reprinted with permission) (Adapted from [74]).

Zach et al. produced thermal and acoustic insulation materials by combining recycled cotton,
polyester, and flax fibers [74]. In this research, five different mixtures of the samples were
designed by combining polyester, flax, cotton, and bicomponent fiber of polyester with lower
sheath melting temperature and tested thermal conductivity and sound absorption properties
(Figure 2.9). The average thermal conductivity and sound absorption coefficients of their materials

were 0.037 to 0.049 W/mK, and Mixture 2 (40% cotton, 40% polyester, and 20% bicomponent)

has the highest sound absorption coefficient [74].

2.6.3. Nylon

Synthetic nylon has excellent strength and other mechanical properties. In 2017, 5.73million mt of
nylon was produced in the world, which consisted of 5.4 percent of world fiber production market
[113]. A huge amount of this synthetic fiber has been discarded as waste both in a landfill as well

as in water.
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Figure 2.10. The sound absorption coefficient of textile waste, where 100RPF means 100% rigid
polyurethane and 60 RPF means 60% rigid polyurethane and 40% textile waste (nylon, modal, and
acrylic) and so on (reprinted with permission) (Adapted from [124]).

Dissanayake et al. used the post-industrial textile waste of nylon fiber mixed with spandex (NS)
and polyurethane (PU) waste to produce thermal insulation materials. It was observed that the
combination of 60% NS and 40% PU gave the best thermal insulation properties [56]. Tiuc et al.
did some experimental study by mixing textile waste (nylon, modal and acrylic fiber) with
polyurethane foam at different ratios [124]. Polyurethane foam was considered the best thermal
insulation material [125], and it is widely used in industry for its mechanical, electrical, thermal,
and acoustic properties [126]. Tiuc et al. found that the composite material with 40% textile waste
and 60% rigid polyurethane foam had better sound absorption properties than other compositions.

The noise reduction coefficient of composite materials is almost twice that of 100% rigid

polyurethane foam (Figure 2.10) [124].
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2.6.4. Other materials
Wool fiber is one of the most used animal fibers in the world since ancient times due to its excellent
thermal insulation properties. In 2017, world wool fiber production was 1.2 million mt, 95% of
which are sheep wool. At present, around 22,000 mt wool has been recycled (Figure 2.7), and the
rest of the fiber has been discarded as waste [113]. Waste wool can be collected from different
sources. Along with discarded textiles, short virgin wool fibers can be obtained during shearing
sheep's hairs. As short wool fiber is not suitable for apparel production, it is discarded as waste
[87]. Wool is generally composed of many different amino acids, which form long chains. The
coiled springs of wool’s molecular chains contribute to fiber resilience, which is suitable for sound
absorption [127], [128]. The sheep wool has excellent sound-absorbing properties due to its micro-
cavities as well [1], [128]. The value of the absorption coefficient at medium frequency 1000 Hz
to 2000 Hz is very high as well as uniform. The absorption coefficient of wool is about 0.9 at
around 800 Hz to 2000 Hz [127], [128]. Berardi and lannace used inverse method to predict the
acoustical properties of sheep wool and obtained higher sound absorption coefficient (above 0.95)
for wool fiber at 1500 Hz to 2000 Hz [2]. Zach et al. studied the thermal conductivity of wool fiber
at different thicknesses, temperatures, and moistures. It was found that thermal conductivity of
sheep wool fiber decreased with the decrease of temperature, moisture, and density and with the
increase of thickness [71]. Hassanin et al. developed insulating panels by mixing of Tetra Pak
waste and wool yarn waste at different ratio. Air trapped within the wool fibers improved the
thermal insulation properties of Tetra Pak and wool fiber waste composite [129].

There are some other waste fibers that are also used in producing thermal and acoustic insulation
materials. Acrylic fiber is considered as artificial wool fiber, and it replaces wool fiber, especially

in hand-made knitted and hosiery garments due to their bulkiness and high elastic properties [130].
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These fibers have very good insulation properties. Jute is the second largest natural fiber after
cotton which is used mainly in industrial applications [131], has very good potential to be used as
efficient thermal and acoustic insulation materials [132]. Devireddy and Biswas observed very
high insulation properties of jute fiber with the thermal conductivity value of 0.036 W/mK [133].
Polypropylene is the lightest of all fibers. It is 34% and 20% lighter than polyester and nylon fibers.
Due to its low specific gravity, this fiber yields the largest volume at a given weight and provides
good bulk and cover. This unique property of polypropylene fiber helps it to retain heat for a longer
time. The thermal conductivity of polypropylene fiber is lower than other natural and synthetic
fibers [134].

Sometimes researchers and manufacturers collect textile wastes from industry which is the
combination of different types of fibers, and which is very difficult and time-consuming to separate
one type of fibers from another. In this case, researchers used mixed waste materials as textile
waste to produce thermal and acoustic insulation materials. Hadded et al. used recycled textile
waste materials and developed two samples of waste linter and tablecloth. It was found that the
thermal conductivity of waste linter and tablecloth were 0.039 W/mK and 0.033 W/mK,
respectively, which means that this material will have the potential to be used in the building
insulation materials [33].

2.7. Summary

In this chapter, an extensive overview of thermal and acoustic insulation materials produced from
textile waste has complied. The mechanism of thermal and acoustic insulation and measurement
process by following the international standards were discussed. The effect of discarded textiles
on environment and health, and ways to minimize it by recycling have been summarized. The

transformation of textile waste into insulation materials is also discussed. Although the present
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market is completely dominated by some conventional synthetic insulation materials, there is a
potential to replace these conventional materials with recycled textiles. In some cases, thermal and
acoustic insulation materials produced from waste textiles show much better results than the
currently available and dominating products in the market. In addition to that, by discussing LCA,
it was specifically reported how much environmental effect could be minimized by using recycled
textiles.

However, the research of using textile wastes as an insulation material is still in its initial stages.
Research has been done only on some of the common fibers. Majority of the investigated materials
are not entirely characterized. In every study, researchers mentioned the environmental advantages
of using recycled textiles, but very few authors include the LCA analysis.

Based on above discussion, it can be concluded that textile waste has the potential to be used
as an environmently friendly insulation material, but still, lots of limitations should be overcome
to commercialize the insulation materials. Well-focused research is required to overcome these
limitations and answer some questions so that it will be possible to successfully commercialize

such products.
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Abstract

The goal of this study was to evaluate the feasibility of recycling used apparel to produce
commercially practicable sustainable products using nonwoven fabrication techniques with
biodegradable thermoplastic binder fibers for possible use as insulation panels. Recycled denim
fibers were used with Sorona® or a PLA binder fiber to successfully produce insulation with good
performance properties. Maximum transmission loss of about 23 dB and transmission coefficient
close to zero at around 1000 Hz were observed. The data indicated that there is a direct correlation
between loss of sound transmission with increase in thickness, areal density, and decrease in air
permeability. Lowest thermal conductivity of 0.049 W/mK was obtained from produced insulation
panels. When compared with commercially available acoustic insulation material (gypsum board)
and thermal insulation panel (mineral wool), these products had better or comparable insulation
properties, indicating that recycled textile products can be used to produce such value-added
materials, giving them another useful life before safely disposing in composting environments.

Keywords: Textile recycling, insulation materials, composites, nonwovens

58



3.1. Introduction

Every day there is increasing concern in the environmental sectors regarding rapidly growing
energy consumption [1], [2]. Building and automobile sectors are considered as main consuming
sectors of global energy (discussed in detail in chapter one). Noise pollution is also continuously
increasing due to urbanization, industrialization, increased use of vehicles, electrical and
mechanical appliances in home and industry, etc., and becoming a major health and environmental
concern (discussed in detail in chapter one) [2], [3]. Using proper thermal and acoustic insulation
materials can help minimize these adverse effects. However, presently used synthetic insulation
materials are mainly mineral or petrochemical-based materials that have an adverse effect on
human health and environment (discussed in detail in chapter one). Thus the goal of this research
is to produce insulation materials using waste textiles. Using waste textiles for producing
insulation materials will also help minimize the adverse effect due to landfill waste textiles which
has been discussed in detail in chapter one and two.

Materials produced from textile fibers are porous in structure that have very good potentiality
to be used as thermal and acoustic insulation materials [4]. When sound energy enters the porous
structure of materials, the kinetic energy of the sound is converted into heat energy as the sound
strikes the surface of the fiber. Sound energy is reduced within the porous fibrous structure due to
frictional losses, momentum losses, and generation of heat [5]. Similarly, porous materials have
very good thermal insulation properties as conductive property of heat through void medium is
very low.

However, there are also some obstacles to use textile fibers especially waste textiles for value-
added materials. One of the challenges for using recycled natural fibers in traditional textiles is its

shorter fiber length. Nonwoven techniques can use short fibers and overcome this obstacle. Also,
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products produced by nonwoven techniques have very good acoustic insulation properties in the
mid and high frequency (around 2000 Hz) [6] and excellent thermal insulation properties as bulky
material produced by nonwoven techniques.

Some researchers have already taken steps to develop insulation materials by using recycled
textiles. Some materials are already present in the markets, and majority of the materials are in
research or development stage [7]. Ricciardi et al. used recycled polypropylene fiber and paper to
produce insulation materials. Although they produce good insulation materials, their products
cause relatively large energy consumptions (267.7 MJ) and a high global warming potential (14.68
kg CO2eq) in comparison to similar synthetic insulation materials like EPS [8]. This may be due
to the use of glue for binding fibers. Therefore, for producing sustainable insulation materials from
recycled textiles, researchers may need to avoid external chemicals for binding. In this research,
instead of using any chemical resin/binding, thermoplastic fibers (PLA or Sorona®) were used as
binding materials. Polylactic acid (PLA) is a biodegradable and bio-based aliphatic polyester that
is derived from renewable sources such as corn sugar, potato, and sugar cane [9]. PLA exhibits
optical, mechanical, and thermal properties that are comparable with some of the commercially
available synthetic materials, including polypropylene and poly (ethylene terephthalate) (PET),
and may be able to replace the synthetic materials in a wide range of applications [10], [11].
Sorona® fiber recently commercialized by DuPont is derived from corn-based 1,3-propanediol
[12]. Sorona® 3GT has unique stretch-recovery characteristics, excellent physical and chemical
properties, dimensional stability, low moisture absorption, easy care, good weather resistance, easy
processability, and recyclability. Also, recycling of Sorona® is made much easier by the absence
of heavy metals in the product, compared to that of PET and Nylon [12]. Some other researchers

like Tiuc et al. mixed polyurethane foam with textile waste [13], and Trajkovi¢ et al. used polyester
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apparel cutting waste to produce insulation materials [14]. However, the research is in very initial
stages, and present market is completely occupied by conventional synthetic insulation materials.
Additional research is needed to make insulation materials that are lightweight, thin, cost-effective,
and have very good acoustic insulation properties [15]-[17].

The goal of this study was to demonstrate that post-consumer textile waste is suitable to
produce commercially feasible sustainable products for insulation by using nonwoven fabrication
techniques. The plan was to use recycled denim fibers (cotton) and compostable thermoplastic
binder fibers to successfully produce insulation materials. The relationship of sound transmission
loss and thermal conductivity with several factors, including air permeability, thickness, and
density of the fiber-based composites, was developed using a statistical regression model. Also,
insulation properties of the developed materials were compared with those of the commercially
available materials.

3.2. Materials and Methods

3.2.1. Materials

Composite samples were prepared by mixing recycled denim (cotton fibers) with Sorona® or PLA
fibers at different ratios. Post-consumer denim waste fibers (cotton fibers) were obtained from
Phoenix Fibers which is a textile-based recycling company [18]. Sorona® fibers were provided by
DuPont Chemical Co., Wilmington, DE. PLA staple fibers were provided by Fiber Innovation
Technology, Inc., Johnson City, TN. Both PLA and Sorona® staple fibers are derived from corn
starch as the source. The properties of used Sorona® and PLA fibers obtained from the

manufacturer are listed in table 3.1.
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Table 3.1. Properties of PLA and Sorona® staple fibers.

Properties PLA Sorona®

Chemical composition | Polylactic acid: > 99% by weight | Poly (trimethylene terephthalate)
Anti-static finishing agents: based on corn-derived 1,3-
0.18% by weight propanediol.

Melting point Around 160 °C Around 228 °C

Glass transition Around 60 °C 45 —55°C

Staple length (38 £2.5) mm --

Density (1.25£0.5) g/cc 1.32 glcc

Denier (1.4 £ 0.15) dpf --

MR% 05+£0.1 0.2-0.3

Tenacity (4.00 £0.35) gpd 4 -5 gpd

Elongation (55 + 15) % 15 %

3.2.2. Processing

Web formation by nonwoven techniques: Figure 3.1 shows different components of the web
formation process. Fiber webs with uniform thickness were produced by the dry-laid process,
where the blended fibers were passed through a carding machine. At first, recycled denim fibers
(figure 3.1a) is blended with the thermoplastic binding fibers Sorona® (figure 3.1b) or PLA at
different ratio by weight. Then the blended fibers were fed into the laboratory carding machine
(figure 3.1c), where it was passed through different fine wire mounted rollers. Carding and
stripping actions that occur during this process opened and cleaned the fibers and produce uniform

fiber webs (figure 3.1d).
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Figure 3.1. Different components of insulation panel preparation: (a) Recycled denim, (b)
biodegradable binder fibers (Sorona®), (c) carding machine, (d) prepared blended fiber web, (e)
hot press, (f) Consolidated panel.

Composite preparation: Insulation panels were prepared by blending recycled denim and the
binder fibers at different ratios as given in table 3.2. The carded webs were consolidated using a
laboratory Carver hot press where the values of heat and pressure applied during the sample
preparation could be controlled. Several layers of fiber webs produced from the card web were
combined. These layers of fiber webs were placed between the two plates of a carver hot press
(figure 3.1e) and then formed into composite panels (figure 3.1f). Based on initial trials and visual
examination of samples, the temperature and pressure used in hot press were fixed, and they were
different for the two binder fibers used due to differences in their melting temperature. Composite

panels were produced by varying fiber compositions, temperature, pressure, number of layers, and

the type of binders (table 3.2). Samples one to three were produced with increasing Sorona® fiber

63



percentage as binder content. The fourth sample had the PLA binder fiber, and correspondingly
lower bonding temperature was used. Also, more layers of webs were used in sample 4. PLA
binder sample was added in this investigation to show that comparable panels can be produced at
a lower temperature, which is probably desirable to reduce the chances of degradation of cotton.

Table 3.2. Different parameters of composite samples.

Sample | Sample | Fiber type Temperature | Time Pressure No. of
no. Id. (°C) (m) (kPa) layers
1 Al 70% Denim/30% Sorona® 235 10 275 (40psi) | 4

2 A2 60% Denim/40% Sorona® 235 10 275 (40psi) | 4

3 A3 50% Denim/50% Sorona® 235 10 275 (40psi) | 4

4 Ad 60% Denim/40% PLA 180 2 380 (55psi) 12

3.2.3. Characterization
3.2.3.1. Determination of thickness and density
At first, samples were conditioned for 48 hours in a standard atmosphere, i.e., (20 £ 2)°C
temperature and (65 * 2)% relative humidity. Thickness of samples was determined in accordance
with the standard testing method of ISO 9073-2 [19]. Thickness was measured using the progage
thickness tester.

Samples were weighed using an electronic balance, and area of the samples was measured.
After that, areal density, s (g/m?) was calculated by dividing weight over area. Bulk density, p

(kg/m3), was calculated from areal density and thickness by using the following formula.

p=t (3.1)

where, s = areal density in kg/m? and t = thickness in m.
Multiple measurements were taken for each sample as per the standard, and average values of

thickness, areal density, and bulk density were calculated.
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3.2.3.2. Determination of air permeability

Air permeability is the rate of airflow passing perpendicularly through a known area of porous
material under a certain air pressure difference [20]. Air permeability was measured using a
Textest FX 3300 instrument following the standard method of ASTM D737 [21].

3.2.3.3. Determination of porosity

Porosity is the ratio of the voids to the total volume of materials [22]. Porosity (¢) of composite

panels was calculated by the following relation [23].

p=1-L (3.2)
D

where, p'is the density of fiber and p is the density of composite panels. In this experiment, three

different types of fibers (cotton, Sorona®, and PLA) were used. The average densities of cotton,
Sorona®, and PLA used in the calculation were 1.52 g/cm® [24], 1.32 g/cm?, and 1.25 g/cm*
respectively.

3.2.3.4. Determination of tortuosity

Tortuosity of a porous material is the ratio between the actual flow path length to the straight
distance between the ends of the flow path [25]. Tortuosity (z’) was calculated using the following

empirical formula [26].

7’ :1+12—¢ (3.3)

where, ¢ is the porosity of composite sample.
3.2.3.5. Determination of mean flow pore pressure, diameter, and pore size distribution
Mean flow pore indicates the size of the pore that allows half of the full airflow through the

materials. Porous materials Inc. (PMI), model no. CFP-100AEX, instrument was used to measure
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the mean flow pore pressure, pore diameter, and pore size distribution of different composite
panels following the standard test method ASTM F316-03 [27].

3.2.3.6. Structure of composite panels

An FEI Teneo field emission scanning electron microscope (FE-SEM) was used to analyze the
surface of composite panels. Gold coating was done to each sample before capturing SEM pictures.
3.2.3.7. Determination of fiber diameter and distribution of fiber diameter

Some of the useful parameters that can influence sound absorption are the fiber diameter and
distribution of fiber diameter. Average fiber diameter and distribution of fiber diameter of
composite panels were determined using ImageJ Software from SEM observations. In this case,
cotton fibers were assumed to be round for approximation.

3.2.3.8. Determination of flame retardance properties

Burning tests (vertical and 45° angle) were conducted (figure 3.2) to investigate the flame
retardance characteristics of produced composite panels following the international standards of
ASTM D1230-17 [28]. The sample of composite panel with a size of 104 x 80 mm was clammed
in the testing instrument (figure 3.2), and a flame was applied to the bottom edge of samples for
12 seconds. Then the composite panel was allowed to burn, and after flame time, dripping time,

after glow time, and char length were recorded.

66



Figure 3.2. Burning test. (a) vertical (b) 45° angle.

3.2.3.9. Determination of moisture properties

Moisture content (MC) of insulation materials was measured according to ASTMD2495 — 07 [29].
In this process, samples were weighted at atmospheric temperature and relative humidity (RH).
After that, samples were dried in an oven at 110£2 °C for 1 hour then weighed. Subsequently,
samples were dried in an oven at 110+2 °C for another 1 hour and weighed, followed by another
drying and weighing process. Several drying cycles were carried out in order to get a constant dry
mass (Wg) of samples (less than 0.1% of mass differences between successive weighing). After
that, samples are placed in CARON climatic chamber at 23+2 °C and 65 + 2% RH followed by

23+2 °C and 90 = 5% RH for 72 hours and weighed (wet mass, Ww). Finally, MCs of composite

67



samples were calculated at two different atmospheric conditions (232 °C & 65 + 2% RH and
23%2 °C & 90 £ 5% RH) using following formula.

W =Ws 100 (3.4)

W
3.2.3.10. Determination of acoustic properties
Acoustic properties of a material can be determined by measuring several parameters, including
transmission coefficient, transmission loss, and absorption coefficient. In this research,
transmission coefficient and transmission loss were measured using four-microphone impedance
tube.

Principle of measurement: Impedance tube with four microphones was used to measure the
acoustic properties of composite panels. By using four microphones impedance tube several
parameters, including sound transmission coefficient (z) and transmission loss (TL) can be

calculated [30].

microphones microphones
1 2 3 4 . . .
sound source ” sample anechoic termination
A—> i I L
<«—B 4D TT=-s -

: —»die Lo
—» S X2 pe— X3 —» S 4
X P Xy

Figure 3.3. Schematic diagram of the impedance tube for measuring the sound transmission loss.

The schematic diagram of four microphone impedance tube is shown in figure 3.3. A sound
source and an anechoic termination were mounted on the left and right end of impedance tube,
respectively. One set of two microphones (1 and 2) was fixed in the upstream tube, and another

set of two microphones (3 and 4) was fixed in the downstream tube. A sample is placed between
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the two sets of microphones. Distance of four microphones from the front surface of sample is
denoted as X1, X2, X3, and Xs, respectively. A single frequency sound was generated from the sound
sources, and it was passed through the sample. A and B indicate the incident and reflected sound
component in the upstream tube, and C and D indicate the transmitted and reflected sound
component in the downstream tube, respectively. Coefficient of A, B, C, and D can be determined

using following equations [30].

i(pe”e - pe™)

A= 3.5
2sinks (35

H — jkxg — jkxy
BZJ(pze‘ — pe ) 3.6)

2sinks
c- j(pgejkx“ - p4ejkx3) 37)
2sin ks

i e*jkxs _ e_ijA

D J ( Ps Ps ) (3.8)

2sinks
where, p1, p2, p3, ps are the fourier components of the sound pressure of microphones 1, 2, 3, and
4, respectively, and k is the wavenumber.
The transmission coefficient, z and transmission loss, TL [30] can be calculated using the

following equations:
. . C
Transmission coefficient, 7 = K (3.9

Transmission loss, TL = —20log|<| (3.10)

Test procedure: Figure 3.4 shows the actual four microphone impedance tube used to measure
the acoustic properties of the composite panels. The instrument was developed and assembled as

described in an earlier paper [31].
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Figure 3.4. Four microphone impedance tube for measurement of acoustic properties.

A data acquisition (DAQ) instrument was attached with four microphones and a computer. BK
precision signal generator was connected to a speaker that delivered different frequency to the
sample. Fast Fourier Transform (FFT) spectrum analyzer was used to analyze the signal and
measure the sound in decibel at different microphone points. International standard ASTM E2611
— 17 [32] was followed as guidance to complete the test procedure. Transmission coefficient and
transmission loss were calculated using equations 3.9 and 3.10.
3.2.3.11. Determination of thermal properties
Thermal resistance, R-value, and heat flux (Q) of insulation panels were measured using sweating
guarded hotplate following the standard ASTM-F18868-C [33]. According to this standard,
thermal resistance was measured by total heat loss where plate & guard temperature was kept at
35°C, and ambient temperature was kept at 25°C. Thermal conductivity (k) was measured from

heat flux, thickness, and temperature differences using following equation:

Kk = QA?t (3.11)

where Q is the heat flow (W/m?), t is the thickness (m) of the specimen, and AT is the temperature

difference (K) between hot and cold surfaces.
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3.2.3.12. Statistical analysis and modeling of acoustic properties

Statistical analysis of different test results of the samples carried out. A statistical regression model
of sound transmission coefficient and transmission loss was carried out using JMP software. Model
is helpful to predict sound transmission loss at different frequencies. Comparison of measured and
predicted sound transmission loss of composite panels at different frequencies was also carried out
(using JMP software) to check whether there is any deviation between predicted value of sound
transmission loss with measured value of sound transmission loss. Relation of transmission loss
with respect to thickness, areal density, and air permeability are plotted.

A statistical regression model of thermal insulation was also carried out using JMP software.
Relation of thermal insulation with respect to thickness, areal density, and air permeability was
also plotted.

3.3. Results and Discussions

3.3.1. Physical properties

The acoustical and thermal properties of different samples are presented and discussed in the
following sections. Physical properties of composite samples, including air permeability,
thickness, areal density, bulk density, porosity, and tortuosity, are shown in table 3.3.

Table 3.3. Properties of tested sample.

Sample | Air Thickness Areal density Bulk Density Porosity, ¢ | Tortuosity, ' | Mean flow Mean flow

Id. permeability | (mm) (g/m?) (kg/md) pore pore
(cm?®/slcm?) diameter pressure

(Hm) (N/em?)

Al 2.77+0.15 197+0.08 830.26 +13.65 421.45 +6.94 0.71+£0.01 1.203+0.01 17.2 0.266

A2 2.60 £ 0.02 1.85+0.05 824.88 £16.09 462.10 + 8.68 0.70+£0.01 1.236 £0.01 20.5 0.223

A3 299+0.12 0.90+0.07 471.25+19.07 520.83+11.08 0.63+0.02 1.289+0.02 181 0.253

A4 1.83+0.12 430+0.08 1798.3+14.78 418.21 +£3.89 0.70+£0.01 1.210+0.01 18.0 0.254

Mean value £ SD

From data in table 3.3, it is obvious that the bulk density of the composite samples is high. All

of the samples have comparable values of porosity and mean flow pore diameter. Density of
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sample A3 is comparatively higher, and porosity is comparatively lower. The thickness of sample
A3 is much lower than other samples due to better consolidation, but the areal density is lower,
which may lead to comparatively higher air permeability of sample A3. Fabric thickness from
sample Al to A3 has been decreasing due to the difference in the structure of samples caused by
increasing binder fiber content. Sample A3 has higher percentage of binder fibers that melted at
high temperatures. Similarly, thickness of sample A4 is much higher, mainly due to the fact that it
had more layers of fibers, and its air permeability is much lower than that of other samples.

3.3.2. Analysis of composite surface

LY

P

(A3)

Figure 3.5. SEM image of four different composite samples.
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SEM pictures allow us to analyze the surface morphology of the prepared composite samples. The
convolutions of cotton fibers are clearly visible in all samples (figure 3.5). It is apparent that most
of the binder fibers have melted and fused together at high temperature and pressure. It is also
observed that melting and fusing occurred more at the surface than inner part of the composite
materials. More amount of fusing and solid surface was observed in sample A3, where higher
percentage of binder fiber was used. However, there was still enough porosity in the structure, and
thus air permeability was higher.

3.3.3. Fiber diameter and distribution of fiber diameter

The distribution of fiber diameter is presented in figure 3.6. Fiber distribution is unimodal and
close to symmetrical. Most of the fiber diameters are within the range of 12 to 22 um. The average
fiber diameter of four different composite samples, Al, A2, A3, and A4, are 16.3 um, 16.8 um,

16.2 um, and 17.4 um, respectively, which are almost similar to one another.
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Figure 3.6. Distribution of fiber diameter of four different composite samples.
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3.3.4. Pore size distribution

The distribution of pore size is presented in figure 3.7. Pore size distribution of composite samples
is unimodal and asymmetrical. Sample A2 shows left-skewed pore distribution, and sample A3
shows a little bit right-skewed pore distribution. All the pore sizes are within micro scale. Most of
the pore size values of composite samples are between 10 — 25 micrometers, and medians are
located around 15 — 20 micrometers. Sample A3 has higher number of smaller pores within the
range of 10 — 15 micrometers. This reduction in pore size is due to higher level of consolidation
of the webs as discussed above due to higher amount of binder content used. Sample A4 has higher

number of pores within the range of 15 — 20 micrometers, again an indication of overall better

consolidation of the webs.
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Figure 3.7. Pore size distribution of four different composite samples.
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3.3.5. Flammability properties

The vertical and 45° angle burning tests were conducted to assess the flame retardant properties of
composite panels. Figure 3.8 shows the burning test of composite panels. The flame had been
spread over the entire sample and continue to combustion until the sample was completely burned
out. Afterglow was observed (red glow) following the extinction of flame (figure 3.8b). At the end
of burning, only ash was remained (figure 3.8c).

Data obtained from burning test are listed in table 3.4. It was found that after flame and after
glow time of all composite panels is higher. The burning rate of composite panelsAl, A2, A3, and
A4 are 96.0 mm/min, 116.5 mm/min, 166.7 mm/min and 58.9 mm/min respectively. The residue
percentage of composite panel A4 (8.3%) is a little bit higher than the residue % of other composite
panels. For a material to be certified as automotive interior (based on US Federal Regulations), the
burning rate of the material should be less than 102 mm per minute [34]. The burning rate of
sample A4 is about 59 mm per minute, which is much less than 102. For the use of aircraft interior,
dripping time should be less than 3s [35]. The dripping time of all composite panels is zero
seconds. Testing results suggest that sample A4 has required flame retardance properties to be
used as interior material in case of burning rate and dripping time. However, for a standard flame
resistance interior material, the flame extinguishing time should be less than 15s (US aircraft
interior standard) [35] or 30s (Chinese automotive interior standard) [36]. But produced insulation
materials continue to burn until fully damaged of material. Using some flame resistant finish will

be helpful to obtain this property.
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Table 3.4. Flammability data acquired from burning test of composite panels.

(b)

(©)

Figure 3.8. Photos of flame test, (a) during burning, (b) after glow, (c) remaining char.

Sample After flame | After glow Burning rate Drip Residue %
time (s) time (s) (mm/minute)

Al 82 205 96.0 No 5.8

A2 88 245 116.5 No 4.3

A3 60 195 166.7 No 3.7

Ad 215 160 58.9 No 8.3

3.3.6. Moisture properties

The moisture content (MC) of all composite panels at different conditions (65 + 2% RH & 23+2°C

and 90 £ 5% RH & 23 + 2 °C) are shown in table 3.5. It was found that at standard atmospheric

condition (65 £ 2% RH and 23 = 2 °C), MCs are in the range of 1.7 to 2.2%, and at high humid
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condition (90 + 5% RH and 23 + 2 °C), MCs are in the range of 2.1 to 3.2% which is well below
the allowable range of MC for building insulation materials. According to the ASTM C208 — 12,
the MC of cellulosic building insulation materials should be less than 10% [37].

The low MCs are due to the compactness of produced insulation materials. Although cotton
fibers have high moisture regain (MR) (7-8%) and MC 6.5-7.4% at 65% RH [38], the thermoplastic
fibers Sorona® and PLA has very low moisture absorption, which is 0.2-0.3% [12] and 0.4-0.6 [38]
respectively at 65% RH. Melting of thermoplastic fibers sealed the surface of composite panels
(figure 3.5) that causes small pore diameter, and fewer open places for water molecules to enter
into the composite panels result in smaller overall MC value. Therefore, with the increase of
Sorona® fiber percentage, moisture content decreases (table 3.5).

Table 3.5. Moisture content of various composite panels.

Sample | Dry weight, | Wet weight, Wet weight, MC (%) at MC (%) at (90 £

Id. Wi (9) Ww (g) at Ww (g) at (90 | (65£2)% RH 5) % RH
(65+2)% RH | +5) % RH

Al 4.56 4.66 4.71 2.16 £ 0.46 3.00£0.15

A2 4.98 5.07 5.12 1.82+0.25 2.59+0.12

A3 1.89 1.92 1.94 1.72 £ 0.49 2.11+£0.09

Ad 12.25 12.53 12.68 2.32+£0.40 3.20+£0.10

3.3.7. Acoustical measurement

Transmission coefficient: Transmission coefficient is the fraction of incident airborne sound

power that is transmitted through the material. Transmission coefficients of the four different

samples at different frequencies are shown in table 3.6.
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Table 3.6. Transmission coefficient (z) at different frequencies.

Transmission coefficient (z) at different frequencies
Sample | 125 160 200 250 Bill5 400 500 630 1000 1250 1600 2000 2500 Average

Id. Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz

Al 1.00 0.86 0.53 0.53 0.21 0.20 0.14 0.14 0.14 0.13 0.12 0.23 1.00 0.402
A2 0.69 077  0.63 044 054 035 013 012 018 0.12 0.11 0.17 1.00 0.404
A3 1.00 0.98 0.68 0.48 0.60 0.38 0.39 0.27 0.23 0.22 0.21 0.33 1.00 0.521
A4 0.61 0.02 033 010 045 017 007 010 0.08 0.07 0.07 0.14 0.71 0.238

All of the samples showed similar trends. Transmission coefficient is very high at low
frequencies and low at medium frequency, from 600 Hz to 1800 Hz. After 2000 Hz, transmission
coefficient increases again. These observations are similar to those observed by other researchers
for porous fiber-based insulation materials [39], and the phenomena were discussed in the
following sections. Sample A3 showed higher transmission coefficient, whereas sample A4
showed lower transmission coefficient.

The transmission coefficient observed seems to relate well to the differences in thickness and
permeability of the samples. Sample that showed lowest transmission coefficient was the thickest
and had the lowest permeability.

A regression analysis of transmission coefficient (figure 3.9) was done to develop models

which may be helpful to predict transmission coefficient at different frequencies.
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Figure 3.9. Statistical model of sound transmission coefficient of four composite panels at different
frequencies.

Transmission loss: Transmission loss is the loss of sound while passing through a material.
Transmission loss of the four samples at different frequencies is presented in table 3.7.

Table 3.7. Transmission loss in dB of four composite panels at different frequencies.

Transmission loss, TL (dB), at different frequencies
Sample 125 160 200 250 315 400 500 630 1000 1250 1600 2000 2500  Average

Id. Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz

Al 0 1.30 551 544 1355 1389 1693 1696 1690 1755 1833 1267 O 10.70
A2 322 227 402 7.20 5.30 9.09 18.06 1862 1492 1824 1936 1556 O 10.45
A3 0 0.17 339 6.34 4.47 8.32 8.20 1139 1291 1315 1357 954 0 7.03
Ad 429 1398 963 1402 694 1539 2254 2023 2228 2301 23.08 1731 292 15.05

Transmission loss of sound of four different samples also showed similar trends at different
frequencies. This trend is exactly opposite to that of the transmission coefficient, as expected, i.e.,
higher the transmission coefficient, lower the transmission loss, and vice versa. Transmission loss

is very low at low and high frequencies, and transmission loss is very high at medium frequency
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range from 600 to 1800 Hz. Sample A3 exhibited comparatively lower transmission loss, whereas
sample A4 exhibited higher transmission loss. This may be due to the difference in the thickness,
microstructure, and lower air permeability of sample A4 compared to other samples. A regression
model of transmission loss (figure 3.10) was developed that may be helpful in predicting

transmission loss at different frequencies.
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Figure 3.10. Statistical model of sound transmission loss (dB) of four composite panels at different
frequencies.

Model was also compared with actual measured data of four composite panels (figure 3.11). It
was observed that the measured value of sound transmission loss is almost similar to the prediction

line. There are some deviations at the lower frequency, but the deviation is very small.
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Figure 3.11. Comparison of measured and predicted sound transmission loss (TL) in dB of four
composite panels at different frequencies.

Several other researchers also observed similar trends of lower acoustic insulation properties
for porous materials at low frequencies and higher acoustic insulation properties at medium
frequency range [39]. When sound waves enter into porous materials, air molecules within the
pores vibrate that transform sound energy into thermal and viscous heat [31], [40]. At low
frequencies, this energy is dissipated by the isothermal process (limited amount), but at high-
frequency range, energy is lost by the adiabatic process [41]. As a result, a low amount of sound
is absorbed in low-frequency range, but absorption is higher at higher frequencies (resulting in low
sound absorption coefficient at low frequencies). That’s why porous materials show good acoustic

insulation properties at medium frequency range. On the other hand, energy of wave decreases
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with the increases of frequency. At very high frequency, sound energy is not strong enough to
vibrate the air molecule. Therefore, transformation of sound energy to thermal and viscous heat is
less and as a result transmission loss of sound is also less.

3.3.8. Effect of air permeability, thickness, and density on sound transmission

Influence of air permeability on sound transmission can be seen in figure 3.12. It is found that air
permeability has significant effect on sound transmission loss (F = 21.75, P = 0.043). Air
permeability is inversely related to sound transmission loss, i.e., with the increase in air
permeability, sound transmission loss decreases. Due to high air permeability, more sound energy
passes through the materials. Less internal reflection of sound energy occurs within the porous
structure, and as a result, less sound energy is converted and dissipated into thermal and viscous

heat. In this study, sample A4 has low air permeability and higher sound transmission loss.

F=21.75,P=0.043
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Figure 3.12. Relation of air permeability with sound transmission loss of four composite panels.
Thickness is one of the most important factors that also have significant influence on sound

transmission loss (F = 49.9, P = 0.0195). Changes in sound transmission loss with thickness are
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plotted in figure 3.13. Sound transmission loss increases with increases in thickness. Sound energy
has to travel through a comparatively longer path when it passes through thicker materials. As a

result, more sound energy is entrapped within the porous structure and converted into thermal and

viscous heat.
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Figure 3.13. Relation of thickness with sound transmission loss of four composite panels.
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Figure 3.14. Relation of areal density with sound transmission loss of composite panels.

Similar to thickness, areal density also has a significant impact on sound transmission loss (F
= 34.55, P = 0.0277). Sound transmission loss increases with increase in areal density of the
composite panels (figure 3.14) due to the larger distance the sound has to travel through longer
path to pass the material successfully.

A similar relationship has been observed by some other authors. Koizumi et al. found that
textile fibers with high density and thickness can increase the sound absorption properties at
medium frequency ranges [42]. Liu et al. also observed that insulation properties of composite
materials increased with the increase of no. of layers and thickness [43]. Kugcik and Korkmaz
explained that thicker materials have comparatively lower air permeability that increases the
acoustic insulation properties of the materials [44]. This research also shows an identical pattern
for the composite materials produced from recycled fibers. Thickness of sample A4 is

comparatively higher and results in lower air permeability and higher sound transmission loss.
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Figure 3.15. Statistical model of transmission loss (dB) with variation of areal density, air
permeability, and thickness.

A regression analysis was done to develop statistical model that is helpful to predict sound
transmission loss with the variation of areal density, thickness, and air permeability. All three
models are combined in figure 3.15 to compare and predict the effect of areal density, thickness,
and air permeability on sound transmission loss. It is shown from figure 3.15 that r? value of all
three models is very high (close to 1), which indicates that almost all of the variation of sound
transmission loss can be explained by the relation between transmission loss with areal density,
thickness, and air permeability.

From the statistical model (figure 3.15), it is clearly observed that the transmission loss of

sound can be increased by increasing thickness and density and with the decreasing of air
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permeability of materials. But at the same time, air permeability decreases with the increases in
thickness and density. For successful commercialization of a product, it is necessary to optimize
all the properties. Based on this model (figure 3.15), it may be concluded that in case of acoustic
insulation panels produced from recycled textile fibers, the optimum acoustic insulation properties
may be found at the areal density of around 1125 (g/m?) and at the thickness of around 2.7 mm.
3.3.9. Comparison with commercially available acoustic insulation materials

One of the most commonly used building insulation materials is gypsum board. The sound
transmission loss of 15 mm thick gypsum board is 26.3 dB [39]. The thickness was normalized to
unit mm, and the sound transmission loss of gypsum board with our insulation materials was
compared (table 3.8). It is observed that the sound transmission loss of these insulation materials
Al, A2, A3, and A4 are 5.43 dB, 5.64 dB, 7.81 dB, and 3.5 dB, respectively, which is higher than
the sound transmission loss (1.76 dB) of gypsum board of comparable thickness, assuming the
normalization holds good. This indicates that the recycled composite panels have great potential
to be used as acoustic insulating materials.

Table 3.8. Comparison of sound transmission loss of prepared composite panels with the sound
transmission loss of commercially available insulation panels, gypsum board.

Sample Thickness (mm) TL (dB) Normalized TL Comparison (dB)
(dB) per mm

Al 1.97 10.70 543 +3.67

A2 1.85 10.45 5.64 +3.88

A3 0.90 7.03 7.81 +6.05

A4 4.30 15.05 3.50 +1.74

Gypsum 15.00 26.3 1.76 0.00
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3.3.10. Thermal measurement
The thermal properties four different composite panels are shown in table 3.9 and figure 3.16 and
figure 3.17.

Table 3.9. Thermal properties of four different composite panels.

Sample | Composition Heat flow, | Density Porosity Thermal Thermal
Q (W/m?) (kg/m3) resistance, Conductivity,
(M2K/W) k (W/mK)
Al 70% Denim/30% Sorona® | 56.57 460.05 0.68 0.25 0.050
A2 60% Denim/40% Sorona® | 66.03 503.46 0.65 0.19 0.059
A3 50% Denim/50% Sorona® | 82.29 544.95 0.62 0.16 0.065
A4 60% Denim/40% PLA 42.21 434.21 0.69 0.31 0.049
0.08
< 0.07

0.06

o
o
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0.04
0.03
0.02

Thermal conductivity (W/mK

0.01
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Figure 3.16. Thermal conductivity of four different composite panels.
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Figure 3.17. Thermal resistance of four different composite panels.

From the results, it can be found that all the composite panels have very good thermal
insulation properties. According to TS 805 EN 60155, if a material has thermal conductivity lower
than 0.1 W/mK, then the material is considered as building insulation material [45]. According to
the literature, a material with a thermal conductivity lower than 0.07 W/mK can be regarded as a
good thermal insulator [7]. As all four insulation panels have thermal conductivity lower than 0.07
W/mK, therefore produced materials can be successfully used as thermal insulation building
materials. Among four insulation panels, sample A4 has the best thermal insulation properties with
thermal conductivity of 0.049 W/mK. Thus, it can be said that combination of cotton and PLA
fiber is more suitable for producing thermal insulation panels.

3.3.11. Effect of air permeability, density, and porosity on thermal conductivity
Effect of air permeability on thermal conductivity has been shown in figure 3.18. It was found that
there is a little bit of increase in thermal conductivity with the increase of air permeability.

However, the increase is not statistically significant (F = 1.71, P = 0.3215). Thus, we can say that
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contrary to acoustic insulation properties, air permeability does not have significant influence on

thermal insulation properties. This may be due to very low heat-flowing properties of air.

F=1.71,P=0.3215
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Figure 3.18. Relation of air permeability with thermal conductivity of composite panels.
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Figure 3.19. Relation of porosity with thermal conductivity of composite panels.

89



Influence of porosity on thermal conductivity has been shown in figure 3.19. It is found that
porosity has significant effect on thermal conductivity (F = 177.23, P = 0.0056). Porosity is
inversely related to thermal conductivity, i.e., with the increase in porosity, thermal conductivity
decreases. Higher porosity means more void structure within composite panels. Most structure
which is normally filled with air hampered thermal conduction. Air has very low thermal
conductivity, 0.025 W/mK [46], which is lower than any type of solid material. Thus, with the
increase of void volume within a structure, overall conductivity of the material decrease. Sample
A4 has higher porosity and lower thermal conductivity.

Similar to porosity, density also has a significant impact on thermal conductivity (F = 69.17,
P =0.0142) (figure 3.20). However, contrary to porosity, thermal conductivity increases with the
increase of density. Higher density means lower air void structure, and closer contact of solid

components results in higher thermal conductivity.
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Figure 3.20. Relation of density with thermal conductivity of composite panels.

90



Similar to sound transmission loss, a regression analysis was also done to develop statistical
model of thermal conductivity with the variation of density and porosity. Two models are
combined in figure 3.21 to compare and predict the effect of density and porosity on thermal
conductivity. The r? value of models is very high (close to 1), which indicates that almost all of
the variation of thermal conductivity can be explained by the relation between thermal conductivity

with density and porosity.
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Figure 3.21. Statistical model of thermal conductivity with variation of density and porosity.
3.3.12. Comparison with commercially available thermal insulation materials

One of the commonly used thermal insulation materials is mineral wool. A comparison was made
with commercially available mineral wool and produced insulation panels (table 3.10). It was
found that the thermal conductivity of samples Al and A4 are very much comparable with the
thermal conductivity mineral wool. It was also found that the density of produced insulation
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materials is very much higher than mineral. Thus, thermal insulation properties of produced
insulation panels can be further reduced by increasing the porosity and decreasing density. This
indicates that the recycled composite panels have great potential to be used as both thermal and
acoustic insulating materials. Gypsum board which has good acoustic insulation properties, does
not have good thermal insulation properties. Thermal conductivity of gypsum board is very high.
But our produced insulation panels have both excellent thermal and acoustic insulation properties,
which is a great advantage for commercialization.

Table 3.10. Comparison with commercially available insulation panels.

Thermal Relative thermal
Materials Density conductivity conductivity to air Ref.
(W/mK) (0.025~ 1
Al 460.05 0.050+0.002 2 --
A2 503.46 0.059+0.004 2.36 --
A3 544.95 0.065+0.011 2.6 --
Ad 434.21 0.049+0.003 1.96 --
Gypsum board | -- 0.28 11.2 [47]
Mineral wool | 36 0.040-0.045 16-138 [48]

3.4. Summary

In this study, waste textiles were used to produce environmentally-friendly alternative thermal and
acoustic insulation materials. Recycled denim and Sorona®PLA binder fibers were blended at
different ratios to produce four different composite panels. Several structural parameters were
measured. It is found that the composite panels are microporous, and most of them are within the
range of 10 — 25 micrometers. Similarly, most of the fiber diameters are situated within the range

of 12 to 22 um, and the distribution of diameters is unimodal, close to symmetrical. Produced
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insulation materials also have good flame retardance properties that can be improved further by
applying flame retardant finishes.

Samples produced from recycled denim and PLA blend (60% recycled denim and 40% PLA)
show maximum transmission loss of over 23 dB at around 1200 to 1600 Hz. The effect of several
structural parameters, including air permeability, thickness, and areal density, on sound
transmission loss, was analyzed. Sound transmission loss increases with increase in thickness and
areal density but decreases with the increase of air permeability. With the decrease of
biodegradable binder fiber (Sorona®), the performance of sound absorption of composite panels
have improved. Statistical models were developed and compared with actual measured values. It
is observed that the measured value and predicted value are almost similar. From the regression
model, it can be predicted that composite materials with around 1125 (g/m?) areal density and 2.7
mm thickness give optimum acoustic insulation properties. A comparison of acoustic properties
was checked with commercially used insulation material gypsum board, and it is noticed that
composites panels produced from waste denim have better acoustic insulation properties.

Similar to acoustic insulation, all the composite panels have very good thermal insulation
properties and very much suitable to be used as thermal insulation panels. Samples produced from
recycled denim and PLA blend (60% recycled denim and 40% PLA) show the lowest thermal
conductivity value of 0.049 W/mK. The effect of several structural parameters, including air
permeability, density, and porosity, on thermal conductivity was investigated. Tested results
showed that air permeability doesn’t have significant effect on thermal conductivity, whereas
porosity and density have significant influence on thermal conductivity. Thermal conductivity
decreases with the increase of porosity and with the decrease of density. A comparison of thermal

insulation properties was made with commercially used insulation material mineral wool, and it is
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noticed that composites panels produced from waste denim have comparable thermal insulation
properties with insulation properties of commercial mineral wool. Thermal insulation properties
can be further increased by increasing porosity and decreasing density.

The environmental benefits of produced composite materials are also very high and are not
only limited to the reduction of energy consumption and harmful effects of noise pollutions. These
composite panels will help get rid of the adverse environmental effects due to landfilling of textile
waste as well as also help the reduction of fiber production by extraction or agricultural methods.
These materials will also help to reduce the production of presently used synthetic insulation
panels. This study demonstrated that recycled textiles could have another life as insulation
materials before being safely disposed of in composting environment, where they can break down
into simple chemicals. However, additional research work, including life cycle assessment, is

necessary to get complete idea about the environmental effect of these insulation materials.
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CHAPTER 4
Application of the Central Composite Design to Understand the Effect of Processing
Parameters on Thermal and Acoustic Insulation Properties of Nonwoven Composite

Materials?

2 Islam, S. and Bhat, G. To be submitted to Journal of Industrial Textiles.
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Abstract

Thermal and acoustic insulation property of materials produced from recycled textiles using
nonwoven techniques has depended on several factors, including thickness, density, air
permeability, and porosity. Again these factors depend on several processing parameters like
consolidating time and temperature. The goal of this research is to investigate the effect of two
processing parameters, consolidating time and temperature (during thermal bonding of insulation
panels), on thickness, density, air permeability, and porosity and subsequently on thermal and
acoustic insulation properties of composite panels. Thirteen different composite panels were
produced from recycled textiles (50% cotton and 50% nylon) and biodegradable PLA fibers using
nonwoen techniques with varying consolidation time and temperature. A response surface
methodology (central composite design) was utilized in order to understand the effect of
consolidating time and temperature. It was determined that bonding time and temperature have
strong influence on the structural properties of insulation materials, with the increase of bonding
time and temperature thickness decrease whereas density increases. Air permeability initially
slightly increases and then decreases. It is interesting to find out that thermal and acoustic
insulation properties follow opposite trends with the increase of bonding time and temperature,
acoustic insulation property increases, but thermal insulation property decreases. Results also
indicate that produced insulation materials have very good thermal and acoustic insulation
properties. The lowest obtained thermal conductivity was 0.0339 W/mK, and the highest obtained
sound transmission loss was 18.46 dB at the frequency of 1600 Hz.

Keywords: Nonwoven composite, bonding time, bonding temperature, acoustic insulation, thermal

insulation.
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4.1. Introduction

Based on the result of chapter three, it can be concluded that some of the most important parameters
that influence the insulation properties of composite panels are thickness, density, air permeability,
and porosity. Thermal and acoustic insulation properties of composite panels, produced from waste
textiles using nonwoven techniques, can be controlled by controlling the thickness, density, air
permeability, and porosity of the composite panels. Thus, in order to obtain insulation materials
with desired insulation properties, first, we need to control these properties. However, controlling
these properties is not an easy task as several processing parameters have strong influence on the
properties. Like porosity and permeability of needle punched thermally bonded nonwoven
composites are influenced by fiber shape and distribution; type, size, penetration, and density of
needles; and bonding time and temperature during thermal bonding [1]-[3]. Various studies have
been conducted to investigate the effects of these processing parameters on the properties such as
air permeability and porosity of nonwoven composite materials [4]-[10].

Rawal and Anandjiwala investigated the effect of feeding rate, needling stroke frequency, and
depth of needle penetration on the permeability of polyester and flax-based nonwoven fabric [8].
Debnath and Madhusoothanan studied the influence of fiber blend ratio, needling density,
thickness, and fabric weight on air permeability and thermal resistance of needle punched
nonwoven fabrics [11]. Mohammadi et al. performed an experimental investigation of
multilayered needle-punched nonwoven samples produced from ceramic and glass fibers to check
the variation of air permeability with varying web layers and number of barbs in felting needles
[4], [5].

Most of these earlier researches are based on the effect of needle punching parameters. There

is a lack of research on the effect of processing parameters during thermal bonding. However,
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bonding time and temperature have strong influence on the properties of final products. Again,
previous researches mainly focused on air permeability, and did not give on emphasis on the effect
of processing parameters on composite thickness, density, and porosity. But from the study
discussed in the previous chapter, it was found that the composite thickness, density, and porosity
have strong influence on thermal and acoustic insulation properties. Therefore, the main purpose
of this study is to investigate the effect of bonding time and temperature on the properties of
thickness, density, porosity, and air permeability and, subsequently, on the thermal and acoustic
insulation properties of nonwoven composites.

Nonwoven fabrics are generally produced by randomly deposited fibers and binding them
together by various methods, including mechanical, thermal, and chemical bonding [12]. In this
study, both mechanical (needle punching) and thermal bonding were utilized to produce composite
panels. Additional thermal bonding makes the structure more compact and increases the strength
of composite panels as PLA fibers melt and bond together due to heating. However, due to melting
and bonding of thermoplastic PLA fiber, several structural changes occurred, that include
compactness, pore size, and pore shape [13], [14]. The melted thermoplastic PLA fibers fused
together (after removing heat) resulting in change in morphology of composite panels especially
at the surface. Structural changes that occur due to thermal bonding have strong influence on the
structure and properties of composite materials, including thickness, density, porosity, and air
permeability [15]-[18].

Thus, the goal of this study is to investigate the effect of two processing parameters, bonding
time and temperature (during thermal bonding of insulation panels), on thickness, density, air
permeability, and porosity, and subsequently on thermal and acoustic insulation properties.

Thirteen different composite panels were produced from recycled textiles (50% cotton and 50%
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nylon) and biodegradable PLA fibers using nonwoven techniques with varying bonding times and
temperatures. A response surface methodology (central composite design) was utilized to analyze
the tested data.

4.2. Materials and Methods

4.2.1. Materials

Thermal insulation panels were prepared by blending recycled textile fibers with thermoplastic
PLA binder fibers at different ratios (table 4.1). Textile wastes from Bluewater Defense, a military
apparel producer in Purto Rico, were shredded into loose fiber bundles by Cross Plains Trading
Company, Chatsworth, GA. These recycled textiles consisted of 50% natural cotton fibers and
50% synthetic nylon fibers. PLA staple fibers (derived from corn starch as the source) were
obtained from Fiber Innovation Technology, Inc., Johnson City, TN. The properties of used PLA
fibers obtained from the manufacturer are listed in table 3.1 (chapter 3).

4.2.2. Preparation process

At first, collected waste textiles were cut into small pieces. After that, cut fabrics were passed
through a fabric recycling machine similar to a card, where textile waste was opened into fiber
bundles. Then these fiber bundles were passed through a laboratory carding machine to open the
fibers and mixed with a thermoplastic binder PLA fiber 15% by weight. The carded web was
lightly bonded by needle-punching. Carding and needle punching were done at Southeastern
Nonwovens, Spartanburg, SC. Needled webs were cut into desired size and then consolidated
using pressure (1200 Ibs) and various temperatures using a hot press in our laboratory. The
schematic of the sample preparation process is shown in figure 4.1. Several composite samples

(table 4.1) were produced by varying the temperature and time of consolidation in the hot press.
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(0

Figure 4.1. Composite sample preparation process. (a) Cut pieces of waste fabric (b) Carded waste
fiber (c) PLA fiber (d) Needle-punched sample (e) sample is cut into desired size (f) hot-pressed
composite sample.
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Table 4.1. Different parameters of composite samples.

Sample Sample Fiber type Temperature (°C) Time (S)
no. Id.

1 S1 42.5% Cotton/42.5% Nylon/15% PLA 150 90
2 S2 42.5% Cotton/42.5% Nylon/15% PLA 180 90
3 S3 42.5% Cotton/42.5% Nylon/15% PLA 144 180
4 S4 42.5% Cotton/42.5% Nylon/15% PLA 165 180
5 S5 42.5% Cotton/42.5% Nylon/15% PLA 165 180
6 S6 42.5% Cotton/42.5% Nylon/15% PLA 186 180
7 S7 42.5% Cotton/42.5% Nylon/15% PLA 150 270
8 S8 42.5% Cotton/42.5% Nylon/15% PLA 180 270
9 S9 42.5% Cotton/42.5% Nylon/15% PLA 165 307
10 S10 42.5% Cotton/42.5% Nylon/15% PLA 165 53
11 S11 42.5% Cotton/42.5% Nylon/15% PLA 165 180
12 S12 42.5% Cotton/42.5% Nylon/15% PLA 165 180
13 S13 42.5% Cotton/42.5% Nylon/15% PLA 165 180

4.2.3. Characterization

A series of testing and experiments were conducted in order to understand the effect of bonding
time and temperature on thickness, density, air permeability, and porosity of nonwoven composite
panels and subsequently on thermal and acoustic insulation properties. Before characterization, all
the samples were conditioned for 48 hours in a standard testing atmosphere, i.e., (20 £ 2)°C
temperature and (65 + 2)% relative humidity.

4.2.3.1. Determination of thickness and density

Thickness of samples was determined in accordance with the standard testing method of 1SO 9073-
2 [19]. Thickness was measured using the progage thickness tester. Samples were weighed using
an electronic balance, and area of the samples was measured. After that, areal density, s (g/m?)
was calculated by dividing weight over area. Bulk density, p (kg/m?), was calculated from areal

density and thickness by using the following formula.
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P= ? (4.1)

where, s = areal density in kg/m? and t = thickness in m.

Multiple measurements were taken for each sample as per the standard, and average values of
thickness, areal density, and bulk density were calculated.
4.2.3.2. Determination of air permeability
Air permeability is the rate of airflow passing perpendicularly through a known area of porous
material under a certain air pressure difference [20]. Air permeability was measured using a
Textest FX 3300 instrument following the standard method of ASTM D737 [21].
4.2.3.3. Determination of porosity
Porosity is the ratio of the voids to the total volume of materials [22]. Porosity (¢) of composite

panels was calculated using the following relation [23].

¢p=1-L2 (42
D

where, p'is the density of fiber and p is the density of composite panels. In this experiment, three

different types of fibers, cotton, nylon, and PLA, were used. The average densities of cotton, nylon,
and PLA used in the calculation were 1.52 g/cm?® [24], 1.14 g/cm?® [25], and 1.25 g/cm*
respectively.

4.2.3.4. Structure of composite panels

An FEI Teneo field emission scanning electron microscope (FE-SEM) was used to analyze the
surface of composite panels. Gold coating was done to each sample before capturing SEM pictures.
4.2.3.5. Determination of acoustic properties

Acoustic properties of a material can be determined by measuring several parameters, including

transmission coefficient, transmission loss, and absorption coefficient. In this research,
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transmission loss was measured using four-microphone impedance tube. The principle of
measurement has been discussed in our previously published paper [26]. A data acquisition (DAQ)
instrument was attached with four microphones and a computer. BK precision signal generator
was connected to a speaker that delivered different frequency to the sample. Fast Fourier
Transform (FFT) spectrum analyzer was used to analyze the signal and measure the sound in
decibel at different microphone points. International standard ASTM E2611 — 17 [27] was
followed as guidance to complete the test procedure. Transmission loss was calculated using

equation 4.3.

Transmission loss, TL =—20log|<| (4.3)

4.2.3.6. Determination of thermal properties

Thermal resistance, R-value, and heat flux (Q) of insulation panels were measured using sweating
guarded hotplate following the standard ASTM-F18868-C [28]. According to this standard,
thermal resistance was measured by total heat loss where plate & guard temperature was kept at
35°C, and ambient temperature was kept at 25°C. Thermal conductivity (k) was measured from

heat flux, thickness, and temperature differences using following equation:

k:th
AT

(4.4)

where Q is the heat flow (W/m?), t is the thickness (m) of the specimen, and AT is the temperature
difference (K) between hot and cold surfaces.

4.2.3.7. Statistical analysis

Statistical analysis (central composite design) was conducted to determine the effect of time and
temperature on composite properties and to optimize the desired properties. Central composite
design is one of the popular experimental designs of response surface methodology used for

developing quadratic model of response variable.
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4.3. Results and Discussions

4.3.1. Physical properties

Physical properties of composite samples, including air permeability, thickness, areal density, bulk
density, and porosity, are shown in table 4.2. From data in table 4.2, it is obvious that there is a
variation of thickness, density, air permeability, and porosity of composite panels with the
variation of bonding time and temperature. Sample S10 has the highest thickness of 1.56 mm,
which is about 1.5 times thicker than the lowest thickness (1.07 mm) of sample S6. Porosity of the
composite panels is high and varies from 0.76 to 0.83. Air permeability and density of composite
panels vary from 25.2 to 42.4 c¢fm and 327.6 to 377.6 kg/m® respectively, due to variation of
bonding time and temperature.

Table 4.2. Properties of tested samples.

Sample Avg-thickness AV alrpermesbilly GSM (average) Density sample Porosity avg.
(mm) (ctm) (kg/m?)
S1 1.53+0.36 36.7+2.5 340.5+6.1 222.7+4.0 0.83
S2 1.32+0.27 29.240.1 366.3+0.2 278.4+0.1 0.79
S3 1.43+£0.12 37.8+1.2 327.6+0.1 228.6+0.1 0.83
S4 1.28+0.21 39.4+1.2 342.5+0.1 268.3+0.1 0.80
S6 1.07+£0.15 39.1+0.2 339.6+0.1 317.4+0.1 0.76
S7 1.43+0.23 27.5%1.2 377.6+0.3 264.9+0.2 0.80
S8 1.16+0.20 25.2+1.1 371.8+0.0 320.5+0.0 0.76
S9 1.10+0.20 41.2+0.0 329.1+0.0 298.0+0.0 0.77
S10 1.56+0.28 33.840.1 368.5+0.1 236.5+0.1 0.82
S11 1.37+0.13 42.4+0.3 357.2+0.2 260.3+0.1 0.80
S12 1.27+0.17 30.3+0.0 360.2 £0.1 282.9+0.1 0.79
S13 1.26+0.09 35.4+3.0 356.7+0.1 284.1+0.0 0.78

Mean value £ SD
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4.3.2. Analysis of composite surface

SEM npictures allow us to analyze the morphology of the prepared composite panels. The
convolutions of cotton fibers and round shape of PLA and nylon fibers are clearly visible in figure
4.2. It is apparent that the binder fibers have partially melted and fused together during bonding,
which results in change in void structure. It is also observed that there are enough void spaces in

the structure resulting in high porosity and air permeability.

Nylon fiber
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Figure 4.2. SEM image of prepared composite samples.

4.3.3. Effect of bonding time and temperature on thickness, air permeability, porosity, and
density

Response surface analysis (central composite design) was conducted in order to understand the
effect of bonding time and temperature on thickness (figure 4.3), air permeability (figure 4.4),
density (figure 4.5), and porosity (figure 4.6). From the analysis, it can be concluded that composite
sample thickness, air permeability, and density change with changes in processing time and
temperature. With increase in time and temperature, thickness decreases, whereas density

increases. Air permeability initially slightly increases then decreases.
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From figure 4.3 to 4.6, green color of the response surface indicates lower thickness, air
permeability, density, and porosity region, and red color indicates higher thickness, air
permeability, density, and porosity region. The legend at the right upper side of each figure (4.3a
to 4.6a) indicates the scale of color variation. A contour plot is shown (2D presentation of response

surface) in figures 4.3b to 4.6b. The orange line of contour plot represents the regression line with

specific value.
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Figure 4.3. (a) Thickness of composites with the variation of time and temperature (b) Contour
plot.

Data in figure 4.3 shows the relation of bonding time and temperature with the thickness of
composite panel. It can be found that the thickness is high when bonding time and temperature are
low and vice versa. With higher bonding time and temperature, higher amount of thermoplastic
PLA fibers melt, and the cylindrical PLA fibers turn into a film-like structure upon removal of
temperature resulting in reduction of thickness. Wang also found similar effect of shrinkage of

fibers during thermal bonding resulting in the reduction in the size of the fabrics [29]. The orange
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line of contour plot (figure 4.3b) is helpful in order to select specific bonding time and temperature
to obtain composite panels with specific thickness. For example, if we select any point on the line
of 1.5 (figure 4.3b) and mark a horizontal and vertical line to temperature and time axis, then we

will get specific bonding temperature and time in order to obtain 1.5 mm thick composite panel.

Air permeability

Time (s) Temp (°C)
100 200 300 180 160 e

B
=1
=
=1
&
r
w

w
o
«

3
Air permeabihty (cfdm)

Air permeability (cfm)

o
S

Time (s)

(a) (b)

Figure 4.4. (a) Air permeability of composites with the variation of bonding time and temperature
(b) Contour plot.

The relation of bonding time and temperature with the air permeability of composite panel are
shown in Figure 4.4. With the increase of bonding time and temperature, air permeability initially
increases, and then decreases again. At higher temperature and time, more PLA fibers melt and
form film-like structure that blocks and reduce the porosity resulting in lower air permeability.
Again, at higher temperature and time, thickness of composite panels decreases a lot that reduces
the tortuous path of airflow direction result in higher air permeability. Due to these opposite two
actions, air permeability initially increases and then decreases with the increase of bonding time

and temperature. Higher air permeability (37 cfm) was obtained in the mid-region of 155 to 165°C
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and 130 to 18s. The orange line of contour plot (figure 4.4b) is helpful in order to select specific
bonding time and temperature to obtain composite panels with specific air permeability. For
example, if we select any point on the line of 37 (figure 4.4b) and mark a horizontal and vertical
line to temperature and time axis, then we will get specific bonding temperature and time in order
to obtain composite panel with the air permeability of 37 cfm.

Density

The relation of bonding time and temperature with the density of composite panel is shown in
Figure 4.5. The density is low when bonding time and temperature are low and vice versa. With
higher bonding time and temperature, higher amount of thermoplastic PLA fibers melt that reduces
thickness of composite panels, but mass per unit area remains same, resulting in higher density of
composite panels. The orange line of contour plot (figure 4.5b) is helpful in order to select specific
bonding time and temperature to obtain composite panels with specific density. For example, if
we select any point on the line of 225 (figure 4.5b) and mark a horizontal and vertical line to
temperature and time axis, then we will get specific bonding temperature and time in order to

obtain composite panel with 225 kg/m? density.
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The relation of bonding time and temperature with the porosity of composite panels are shown in
Figure 4.6. The porosity is high when bonding time and temperature are low and vice versa. With
higher bonding time and temperature, more amount of thermoplastic PLA fibers melt that reduce
the pore size of composite panels, resulting in the reduction of porosity. Again, reduction of
thickness in higher bonding time and temperature leads to further reduction in porosity. The orange
line of contour plot (figure 4.6b) is helpful to select specific bonding time and temperature to
obtain composite panels with specific porosity. For example, if we select any point on the line of
0.82 (figure 4.6b) and mark a horizontal and vertical line to temperature and time axes, then we
will get specific bonding temperature and time in order to obtain composite panel with the porosity
of 0.82.

4.3.4. Acoustical measurement

Sound transmission loss of produced composite panels at different frequencies is presented in table
4.3. It was found that all the composite panels have very good acoustic insulation properties with
the normalized insulation property being higher than that of the insulation properties of
commercially used gypsum boards [30]. Sample S8 shows maximum transmission loss of 18.46
dB at the frequency of 1600 Hz. Average lowest transmission loss (4.21 dB) was obtained from
sample S3 which was produced with the bonding time and temperature of 180s and 144 °C. On
the other hand, average highest transmission loss (6.67 dB) was obtained from sample S8 which
was produced with the bonding time and temperature of 270s and 180 °C. Lower bonding time
and temperature of S3 lead to lower melting and fusing of PLA filament, lower density, and higher
air permeability, resulting in lower sound transmission loss. Although lower bonding time and

temperature give higher thickness (higher thickness gives higher transmission loss) but overall
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effects of lower density and higher air permeability are more prominent on transmission loss and
combinedly give lower sound transmission loss of sample S3.

Table 4.3. Transmission loss in dB of composite panels at different frequencies.

Transmission loss, TL (dB), at different frequencies

Sample 125 Hz 160 200 250 315 400 630 1000 1600 2000 2500 Average
Id. Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz

S1 0.00 0.75 241 4.23 3.12 5.93 4.32 5.74 16.79 13.82 0.00 5.19
S2 0.00 0.00 3.26 5.03 4.10 4.32 5.99 6.51 17.88 15.38 0.33 5.71
S3 0.00 0.00 1.6 3.38 2.26 6.23 3.98 5.03 16.66 | 6.65 0.48 421
S4 0.00 0.00 2.76 4.72 3.66 5.12 5.29 5.57 17.08 9.17 0.98 4.94
S6 0.00 0.00 272 | 451 3.16 5,88 5.21 5.96 16.62 | 8.03 0.00 4.74
S7 0.00 0.10 341 | 522 381 5.08 6.21 6.64 18.39 | 8.63 0.00 5.23
S8 0.00 0.00 351 | 534 3.88 5.37 6.75 1366 | 1846 | 1587 | 0.50 6.67
S9 0.00 0.00 2.66 | 4.80 4.81 3.61 4.72 11.05 | 1635 | 854 .09 5.15
S10 0.00 0.00 317 | 450 2.84 5.40 5.30 1161 | 17.48 | 8.58 0.00 5.35
S11 0.00 0.00 229 | 4.03 251 6.38 4.37 1172 | 17.72 | 10.35 | 0.00 5.40
S13 0.00 0.00 2.72 441 2.53 5.56 5.70 11.74 17.92 6.74 0.69 5.27

4.3.5. Effect of bonding time and temperature on sound transmission loss

The relation of bonding time and temperature with the sound transmission loss (TL) of composite
panels is shown in Figure 4.7. The sound transmission loss is high when bonding time and
temperature are high. Higher bonding time and temperature lead to higher melting and fusing of
PLA fibers, and the composite structure results in higher density and lower air permeability. Again,
with the increase of density and decrease of air permeability, sound transmission loss increases.
Thus, higher transmission loss was obtained at higher bonding time and temperature. Green color
of response surface indicates lower TL region, and red color indicates higher TL region (figure
4.7a). The legend at the right upper side of figure 4.7a, indicate TL scale in dB in different color.
A contour plot is shown (2D presentation of response surface) in figure 4.7b. The orange line of
contour plot (figure 4.7b) is helpful in order to select specific bonding time and temperature to

obtain composite panels with specific acoustic property. For example, if we select any point on
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the line of 5.8 (figure 4.7b) and mark a horizontal and vertical line to temperature and time axis,
in that case, we will get specific bonding temperature and time in order to obtain composite panels

with average sound transmission loss of 5.8 dB.
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Figure 4.7. (a) Sound transmission loss in dB with the variation of bonding time and temperature
(b) Contour plot.

4.3.6. Thermal measurement

The thermal properties of all composite samples are shown in table 4.4, and figures 4.8 and 4.9.
The results clearly show that all of the composite panels have very good thermal insulation
properties. According to the literature, a material with a thermal conductivity lower than 0.07
W/mK can be regarded as a good thermal insulator [31]. As all the insulation panels (except
samples S8 and S9) have thermal conductivity lower than 0.07 W/mK, materials produced here
can be successfully used as thermal insulation in buildings. Among the insulation panels, the
lowest thermal conductivity (0.0339 W/mK) was obtained for sample S10, and is very much lower
than those of presently available synthetic thermal insulation materials of mineral wool which have

thermal conductivity of 0.040-0.045 W/mK [32]. Sample S8 was produced with the bonding time
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and temperature of 53s and 165 °C. On the other hand, sample S8 has the lowest thermal insulation
properties (TC of 0.105 W/mK) which was produced with the bonding time and temperature of
270s and 180 °C. Lower bonding time and temperature of S10 lead to lower melting and fusing of
PLA filament, lower density, and higher porosity, which result in lower TC and excellent thermal
insulation properties. It is interesting to notice that sample S8 gives the highest acoustic insulation
property but the lowest thermal insulation property.

Table 4.4. Thermal properties of produced tested samples.

) Thermal
) Thermal resistance o
Sample Time (S) Temperature (°C) conductivity
(M2K/W)

(W/mK)
S1 90 150 0.2885 + 0.0095 0.0602 +0.0053
S2 90 180 0.2890 £ 0.0152 0.0579 £ 0.0083
S3 180 144 0.3005 +0.0103 0.0534 £ 0.0046
S4 180 165 0.2990 £0.0144 0.0527 +0.0064
S6 180 186 0.3103 +0.0197 0.0466 £0.0071
S7 270 150 0.3494 +0.0170 0.0379 £0.0038
S8 270 180 0.2385 +0.0146 0.1053 £0.0280
S9 307 165 0.2601 +0.0128 0.0762 £0.0125
S10 53 165 0.3734 +0.0209 0.0339 £0.0037
S11 180 165 0.3093 +0.0140 0.0493 +0.0054
S13 180 165 0.2918 £+ 0.0329 0.0560 +0.0180
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4.3.7. Effect of bonding time and temperature on thermal conductivity

The relation of bonding time and temperature with the thermal conductivity (TC) of composite
panels is shown in Figure 4.10. TC is high when bonding time and temperature are high. Higher
bonding time and temperature lead to higher melting and fusing of PLA filament and densify the
composite structure, resulting in higher density and lower porosity. Again, with the increase of
density and decrease of porosity, TC increase. Thus, higher TC was obtained at higher bonding
time and temperature. Green color of response surface indicates lower TC region, and red color
indicates higher TC region (figure 4.10a). The legend at the right upper side of figure 4.10a,
indicate TC scale in W/mK at different color. A contour plot is shown (2D presentation of response
surface) in figure 4.10b. The orange line of contour plot (figure 4.10b) can be used to select specific
bonding time and temperature to obtain composite panels with specific thermal insulation property.
For example, if we select any point on the line of 0.06 (figure 4.10b) and mark a horizontal and
vertical line to temperature and time axis, then we will get specific bonding temperature and time

in order to obtain composite panel with average TC of 0.06 W/mK.
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Figure 4.10. (a) Thermal conductivity of composites with the variation of bonding time and
temperature (b) Contour plot.

4.4. Summary

Thermal and acoustic insulation materials were produced from a blend of recycled textiles (cotton
and nylon) and thermoplastic PLA fibers. Thirteen different insulation panels were produced by
mixing waste textile and PLA fibers (42.5% cotton, 42.5% nylon, and 15% PLA) using nonwoven
techniques. The preparation process of all of the composite panels is exactly same except the
thermal bonding conditions. The thermal bonding time and temperature of different composites
were varied in order to understand the effect of variation of bonding conditions on thickness,
density, air permeability, and porosity, and subsequently on thermal and acoustic insulation
properties. A response surface methodology (central composite design) was utilized to analyze the
data and understand the influence of consolidating time and temperature on the properties of
produced composite panels.

Results indicate that bonding time and temperature have a strong influence on the properties

of insulation materials. With the increase of bonding time and temperature thickness decreases,
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whereas density increases. Air permeability initially slightly increases and then decreases. It is
interesting to find that thermal and acoustic insulation properties follow opposite trends. With the
increase of bonding time and temperature, acoustic insulation properties increase, but thermal
insulation properties decrease. The sample S8 has the highest acoustic insulation property (average
TL of 6.67 dB), but it has the lowest thermal insulation property (average TC of 0.1053 W/mK).
Thus, in order to use composite panels as both thermal and acoustic insulation materials, optimum
bonding time and temperature should be selected (either medium time and temperature showed in
table 4.1 (around 180s and 165°C) or lower time-higher temperature or higher time-lower
temperature combinations.

Results also indicate that produced insulation materials have very good thermal insulation
properties and meet the criteria thermal insulation property (except samples S8 and S9). The lowest
thermal conductivity (0.0339 W/mK) was obtained for sample S10, and is very much lower than
those of presently available synthetic thermal insulation materials of mineral wool which have
thermal conductivity of 0.040-0.045 W/mK. Similarly, all the samples have very good acoustic
insulation property, with the normalized insulation property being higher than that of the insulation

properties of commercially used gypsum boards.
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CHAPTER 5

Thermal and Acoustic Performance Evaluation of 3D-Printed PLA Materials?

3 Islam, S. and Bhat, G. To be submitted to International Journal of Heat and Mass Transfer.
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Abstract

Thermal and acoustic insulation properties depend on several structural parameters, including
thickness, density, air permeability, and porosity. In order to produce materials with good
insulation properties, there should be precise control on these structural parameters during
manufacturing process, which is very difficult using conventional fabrication methods. Additive
manufacturing or 3D printing technology can be utilized in this case, which has the ability to
produce materials with precise and controlled shape and structure. Thus, the goal of this study was
to design and produce insulation materials with controlled structure utilizing 3D printing
technology using biodegradable PLA filament as the feedstock. The effect of structural parameters
on insulation properties was also evaluated as it is assumed that precise structural parameters
would show accurate relation compared to nonwoven composites, which are irregular by nature.
A comprehensive evaluation was also conducted to check whether this new branch of technology
is suitable to produce insulation materials. Testing results revealed that insulation materials
produced from 3D printing technology have excellent thermal and acoustic insulation properties.
Maximum sound transmission loss of about 48.27 dB was obtained at around 1600 Hz, and the
lowest obtained thermal conductivity value was 0.037 W/mK. When compared with commercially
available acoustic insulation material (gypsum board) and thermal insulation panel (mineral wool),
produced 3D printed samples gave better insulation properties. This indicates that produced
insulation materials have very good potential to be used with the concrete walls.

Keywords: 3D printing, PLA filaments, thermal insulation, acoustic insulation

126



5.1. Introduction

As discussed in chapters 1 and 2, one of the best approaches to reducing energy consumption and
minimize the adverse effect of sound pollution is to use effective thermal and acoustic insulation
materials in buildings [1]. In general, thermal insulation materials consist of a number of voids
that entrap air within the structure [2], [3]. This entrapped air increases the insulation properties of
materials as air has very low heat conduction or high thermal resistance. Similarly, with longer
path and internal reflection of sound energy within the void structure, the sound energy is
converted and dissipated into thermal and viscous heat [4].

Hence in this study, insulation materials were produced by carefully designing air voids within
the structure using 3D printing techniques to compare them to the conventional building insulation
materials of extruded polystyrene, mineral wool, and others which have adverse environmental
effects. The adverse environmental effects of conventional insulation materials are discussed in
detail in chapter 2 [1]. PLA filaments are used as it has good insulation property (thermal
conductivity of PLA is 0.13 W/mK [5]) and less environmental adverse effects [4] (environmental
benefit of PLA fibers are discussed in chapter three). 3D printing technology was used for
fabrication as it provides good controllability with precise sizes, shapes, and structures, which have
strong influence on insulation properties.

Additive manufacturing or 3D printing is a modern manufacturing method of real and three-
dimensional objects using layer by layer or point by point processes [6], [7]. This manufacturing
technique allows designers to produce materials with complex geometrical forms, shapes, and
dimensions [6], [8]. It also provides opportunities for producing materials with high forming
precision and strong controllability [6]. These excellent features of 3D printing provide

opportunities for manufacturers to fabricate products efficiently for new application fields beyond
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the conventional ones [9]. Nowadays, this technology has been successfully used in a wide variety
of fields, including aerospace, medical, automotive, electronics, architecture, fashion, and
domestic products [9]. Several researchers also utilized 3D printing techniques to produce porous
materials in order to use them in a variety of applications, including water filtration, catalysis,
biomedical scaffolds, and lightweight structural elements [10]-[17]. Changfeng et al. fabricated
3D printed PU foam which has similar resilience properties to that of bulk rubber [18]. Gama et
al. produced 3D printed cork/polyurethane composite foams for thermal applications with
enhanced mechanical properties [19]. However, producing thermal and acoustic insulation
materials using 3D printer is still in its initial stage, although it has very good potential as materials
with specific pore shape, size, permeability, and overall porosity can be produced using 3D
printers. All these parameters strongly influence the thermal and acoustic insulation properties
[19]-[23]. The secondary goal of this study was to investigate whether this new branch of 3D
printing technology is applicable to produce insulation materials.

Again, producing insulation materials with both good acoustic and thermal insulation
properties is difficult by conventional method as they follow opposite trends (chapter 4). In order
to get good acoustic insulation, air permeability should be low, whereas, for good thermal
insulation, porosity should be higher. This type of complex design can be relatively easily created
using 3D printed technology.

Hence, the objectives of this study were to utilize 3D printing technology to design and
fabricate insulation materials using PLA filaments. Several different insulation materials with
varying density and porosity were produced, keeping the thickness and air permeability same.
Then the effect of density and porosity on insulation properties were statistically analyzed to check

whether the effect is similar to the effect of waste textiles because in waste textiles, we cannot
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control all the factors simultaneously; like if we change density, air permeability will also change.
Produced insulation materials were also compared with commercially available insulation
materials.

5.2. Materials and Methods

5.2.1. Materials

Thermoplastic PLA filament (brand: Hatchbox) with a density of 1.27 g/cm?, tensile strength of
46.76 MPa, and compressive strength of 17.92 MPa were obtained from Pomona, CA. The average
thermal conductivity of PLA filament is 0.13 W/mK [5].

5.2.2. Methods

5.2.2.1. Design of 3D printed material

Porous structure is designed using Autodesk Tinkercad. Five different samples were designed with
varying porosity. Samples are designed only by changing air void within the structure and keeping
the rest of the parameters, including air permeability, thickness, length, and width same. The

sample design of produced structure is shown in figure 5.1.

Figure 5.1. Design of 3D structure.
5.2.2.2 Production process
QIDI X-Plus 3D printer (QIDI Technology Co., Ltd., Zhejiang, China) was used to produce

samples. At first, all printing parameters, including printing speed, layer width and height, and
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infill density, were adjusted and sliced using Qidi print software. Then the sliced program was
exported to the printer, and samples were produced using the filament. The printing parameters
and produced samples are presented in table 5.1 and figure 5.2.

Table 5.1. 3D printing parameters.

Parameter Value
Layer height 0.08 mm
Line width 0.3 mm
Infill density 100%
Infill pattern Lines
Printing temperature 192 °C
Build plate temperature 50 °C
Printing speed 30 mm/s

(@) (b)
Figure 5.2. Printed samples. (a) Surface of printed samples (b) Cross-section.

5.2.3. Characterization
A series of testing and experiments were conducted in order to evaluate the insulation performance

of 3D-Printable PLA Materials. Before characterization, all the samples were conditioned for 48
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hours in a standard testing atmosphere, i.e., (20 + 2)°C temperature and (65 + 2)% relative
humidity.

5.2.3.1. Determination of density

All the samples are designed with 4 mm in thickness. After printing, the thickness of samples is
tested again to check whether there is any variation in thickness between actual samples and
designed samples. After measuring thickness, density was calculated as per the process discussed
in section 3.2.3.1 (chapter 3). After that actual and designed density was compared.

5.2.3.2. Determination of porosity

All the samples were designed with specific porosity. After printing, the porosity of samples was
tested again to check for any variation in porosity between actual samples and designed samples.

Porosity (¢) of composite panels was calculated by the following relation [24].

p=1-L (5.1)
P

where, p'is the density of PLA filaments and p is the density of porous samples. In this

experiment, the average density of used PLA filaments is 1.27 g/cm?.

5.2.3.3. Determination of average void distance

All the samples are designed with a specific void diameter. After printing, average pore diameter
of samples is tested again to check whether there is any variation in pore diameter between actual
samples and designed samples.

5.2.3.4. Surface morphology of composite panels

An FEI Teneo field emission scanning electron microscope (FE-SEM) was used to analyze the

surface of composite panels. Gold coating was done to each sample before capturing SEM pictures.
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5.2.3.5. Determination of thermal properties

Thermal resistance, R-value, and heat flux (Q) of insulation panels were measured using sweating
guarded hotplate following the standard ASTM-F18868-C [25]. According to this standard,
thermal resistance was measured by total heat loss where plate & guard temperature was kept at
35°C, and ambient temperature was kept at 25°C. Thermal conductivity (k) was measured from

heat flux, thickness, and temperature differences using following equation:

k:th
AT

(5.2)

where Q is the heat flow (W/m?), t is the thickness (m) of the specimen, and AT is the temperature
difference (K) between hot and cold surfaces.

5.2.3.6. Determination of acoustical properties

Acoustic properties of a material can be determined by measuring several parameters, including
transmission coefficient, transmission loss, and absorption coefficient. In this research,
transmission loss was measured using four-microphone impedance tube. The principle of
measurement using an impedance tube has been discussed in our previously published paper [4].
A data acquisition (DAQ) instrument was attached with four microphones and a computer. BK
precision signal generator was connected to a speaker that delivered different frequency to the
sample. Fast Fourier Transform (FFT) spectrum analyzer was used to analyze the signal and
measure the sound in decibel at different microphone points. International standard ASTM E2611
— 17 [26] was followed as guidance to complete the test procedure. Transmission loss was

calculated using following equation.

Transmission loss, TL =—20log|<| (5.3)
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5.2.3.7. Statistical analysis and modeling of acoustic properties

Statistical analysis of different test results of the samples carried out. A statistical regression model
of sound transmission coefficient and transmission loss was carried out using JMP software. Model
is helpful to predict sound transmission loss at different frequencies. Comparison of measured and
predicted sound transmission loss of composite panels at different frequencies was also carried out
(using JMP software) to check whether there is any deviation between predicted value of sound
transmission loss with measured value of sound transmission loss. Relation of transmission loss
with respect to thickness, areal density, and air permeability are plotted.

A statistical regression model of thermal insulation was also carried out using JMP software.
Relation of thermal insulation with respect to thickness, areal density, and air permeability was
also plotted.

5.3. Results and Discussions

5.3.1. Physical properties

Physical properties of composite samples, including thickness, density, and porosity, are shown in
table 5.2.

Table 5.2. Properties of tested samples.

Sample Id. | Thickness (mm) Density (kg/m?®) Porosity, ¢

Designed Actual Designed Actual Designed Actual
1-10 4 3.95 367.6 366.5 0.71 0.71
1-20 4 3.96 467.9 459.2 0.63 0.64
1-30 4 3.96 568.2 546.8 0.55 0.57
1-40 4 3.97 668.4 635.7 0.47 0.50
1-50 4 3.97 768.7 721.3 0.40 0.43
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From data in table 5.2, it is obvious that the densities of samples ranged from 366.5 kg/m?® to
721.3 kg/m®, and porosities are in the range of 0.43 to 0.71. Density of sample 1-50 is
comparatively higher, and porosity is comparatively lower. As expected, samples designed with
higher voids have lower density but higher porosity. There are some differences between actual
printed samples and designed samples. The actual printed samples' height and density are a little
bit lower than the designed one, whereas porosity is a little bit higher. The lower density and higher
porosity may be due to the shape of the printed layer. The printed layers' shape is not completely
rectangular; a little bit curved at the edge (figure 5.3) resulting in lower density and higher porosity.
This is likely due to the flow of the material between deposition and cooling as the part is being
built.

5.3.2. Analysis of composite surface

SEM pictures allow us to analyze the surface morphology of the prepared samples. From figure
5.3, it is clearly visible that the printed layer is not completely rectangular; instead, it is close to a
cylindrical shape resulting in lower density and higher porosity. The surface of the layer is not
completely uniform. A slight descends occurred all over the surface, which may result in lower
height (3.95 mm) of printed samples. Average printed layer thickness is 0.32 mm, which is a little

bit higher than the designed layer thickness of 0.3 mm.

Figure 5.3. SEM image of printed sample.
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5.3.3. Pore size

The pore size and volume are important parameters as they have influence on functional
performance of insulation materials, including porosity and thermal insulation. Experimental data
revealed that pore size of 1-10, 1-20, 1-30, 1-40, and 1-50 are (2.71 £ 0.12) mm, (1.93 + 0.04) mm,
(1.21 £0.07) mm, (0.87 £ 0.08), and (0.52 £ 0.08) respectively.

5.3.4. Thermal measurement

The thermal insulation properties of printed PLA samples are shown in table 5.3. The thermal
conductivity of printed samples ranges from 0.037 W/mK to 0.07 W/mK, which is much lower
than that of the presently available building insulation materials. According to the literature, a
material with a thermal conductivity value lower than 0.07 W/mK can be regarded as a good
thermal insulator [27]. As all printed samples have thermal conductivity lower than 0.07 W/mK,
thus, it can be said that the produced 3D printed samples have very good potential to be used as
building insulation materials.

Table 5.3. Thermal insulation properties of printed samples.

Sample Id. Thermal resistance Heat flow (W/m?) Thermal conductivity
(M?K/W) (W/mK)
I-10 0.216 46.296 0.037
1-20 0.195 51.282 0.041
1-30 0.152 65.920 0.052
1-40 0.128 78.125 0.062
1-50 0.114 88.106 0.070

5.3.5. Effect of density and porosity on thermal conductivity
A statistical regression analysis (locally weighted scatterplot smoothing (figure 5.4) and quadratic

fit line (figure 5.5)) was conducted in order to understand the influence of density and porosity on
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thermal conductivity (TC). Similar to insulation materials from waste textiles, density and porosity
have profound effect on thermal conductivity of 3D printed insulation materials. Thermal
conductivity increases with increase in density. On the other hand, porosity is inversely related to
thermal conductivity, i.e., with the increase in porosity, thermal conductivity decreases. An
increase in porosity means more amount of air void. As the thermal conductivity of air (0.025
W/mK [28]), which is much lesser than the thermal conductivity of PLA filaments (0.13 W/mK

[5]), higher porosity or air void structure leads to decrease in thermal conductivity.
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Figure 5.4. Locally weighted scatterplot smoothing of TC. Here x and y-axis denote density and
porosity. Color represents TC. A legend of TC is shown on the right side.
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Figure 5.5. Quadratic fit line of TC. X-axes represent density & porosity, and y-axis represents
thermal conductivity. Orange color is for density curve, and blue color is for porosity curve.

5.3.6. Comparison with commercially available thermal insulation materials

Some of the commonly used thermal insulation materials for buildings are Polyurethane foam,
Glass wool, Stone wool, EPS, and XPS. A comparison was made among these insulation materials
with produced 3D printed insulation materials (table 5.4). It was found that the thermal
conductivity of samples 1-10 and 1-20 are very much comparable to the TC of those commercial
materials. Further reduction in thermal conductivity is possible by increasing the porosity and
careful architecture of pore shape. This indicates that the PLA (or any other suitable) 3D printed

materials have great potential to be used as thermal insulation materials in building.
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Table 5.4. Comparison of thermal conductivity of printed samples with commercially available
insulation panels.

Thermal Relative thermal
Materials Density conductivity conductivity to | Ref.

(W/mK) air (0.025~1
1-10 366.46 0.037 1.48 --
1-20 459.22 0.041 1.64 --
1-30 546.75 0.052 2.08 --
1-40 635.70 0.062 2.48 --
1-50 721.26 0.070 2.80 --
Polyurethane foam | 30-80 0.02-0.027 0.8-1.08 [29]
Glass wool 92.5 0.040 1.6 [30]
Stone wool 30-180 0.033-0.045 1.32-1.8 [31]
Expanded
solystyrene (EPS) 16-35 0.037-0.038 1.48-1.52 [29]
Extruded

26-45 0.030-0.032 1.2-1.28 [29]

polystyrene (XPS)

5.3.7. Acoustical measurement
Transmission loss of sound while passing through the produced printed samples at different
frequencies is presented in table 5.5.

Table 5.5. Transmission loss in dB of four composite panels at different frequencies.

Transmission loss, TL (dB), at different frequencies
Sample | 125 160 200 250 500 630 1000 1250 | 1600 | 2000 | 2500 Average
Id. Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz
1-10 7.73 9.47 17.67 | 25.46 1481 | 2220 | 31.15 27.23 | 42.28 | 26.97 | 0.83 20.53
1-20 7.02 1731 | 2791 | 2534 | 21.63 | 23.71 31.49 29.98 | 48.37 | 25.36 | 0.00 23.47
1-30 1421 23.00 | 2991 | 2248 | 2346 | 23.99 33.21 31.67 | 48.27 | 24.98 | 6.02 25.56
1-40 15.80 23.71 | 2839 | 4255 | 24.03 | 28.63 35.40 33.83 | 42.25 | 30.42 | 0.00 27.73
1-50 13.65 | 23.00 | 28.95 | 34.04 | 26.72 | 28.17 | 3542 | 33.78 | 42.28 | 28.01 | 13.98 28.00
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Transmission loss of sound produced from 3D printed samples shows similar trends to the TL
of nonwoven composites from waste textiles. Transmission loss is low at low and high frequencies,
and transmission loss is very high at the medium frequency range from 1000 to 2000 Hz. Sample
I-5 exhibited comparatively higher transmission loss, whereas sample I-1 exhibited comparatively
lower transmission loss. This is due to the difference in density as other two parameters, thickness
and air permeability, are kept exactly same for all printed samples. A regression model of

transmission loss (figure 5.6) was developed that may be helpful in predicting transmission loss at

different frequencies.
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Figure 5.6. Statistical model of sound transmission loss (dB) of printed samples at different
frequencies.

Model was also compared with the experimental data of printed samples (figure 5.7). It was
observed that the experimental data of sound transmission loss is almost similar to the predicted

value. There are some deviations at the lower frequency, but the deviation is very small.
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Figure 5.7. Comparison of experimental and predicted sound transmission loss (TL) in dB of
printed samples at different frequencies.

Several other researchers also observed similar trends of lower acoustic insulation properties
for porous materials at low frequencies and higher acoustic insulation properties at medium
frequency range [32]. When sound waves enter into porous materials, air molecules within the
pores vibrate that transform sound energy into thermal and viscous heat [33], [34]. At low

frequencies, this energy is dissipated by the isothermal process (limited amount), but at high-
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frequency range, energy is lost by the adiabatic process [35]. As a result, a low amount of sound
is absorbed in low-frequency range, but absorption is higher at higher frequencies (resulting in low
TL at low frequencies). That’s why porous materials show good acoustic insulation properties at
medium frequency range. On the other hand, energy of waves decreases with the increases of
frequency. At very high frequency, sound energy is not strong enough to vibrate the air molecules.
Therefore, transformation of sound energy to thermal and viscous heat is less and as a result
transmission loss of sound is also less.

5.3.8. Effect of density and porosity on sound transmission loss

Effect of density and porosity on sound transmission loss in 3D printed samples were investigated
using statistical regression analysis (locally weighted scatterplot smoothing (figure 5.8) and
quadratic fit line (figure 5.9)). Similar to insulation materials from waste textiles, density and
porosity have profound effect on transmission loss of 3D samples. It was observed that sound
transmission loss increases with the increase of density and decrease of porosity. With the increase
of porosity and decrease of density, less internal reflection of sound energy occurs within the
porous structure, and as a result, less sound energy is converted and dissipated into thermal and
viscous heat. That’s why less transmission loss occurred. In this study, sample I-50 has

comparatively low porosity and high density, thereby higher sound transmission loss (28 dB).

141



650

Figure 5.8. Locally weighted scatterplot smoothing of transmission (TL). Here x and y-axis denote

600

550

500 ~ 450
Density

400

0.55

e
>

0.65

0.7

350

Porosity

30
29
28
27
26

25
24
23
22
21

TL (dB)

density and porosity. Color represents TL value. A legend of TL is shown on the right side.

30

28

S
[=x)
1

Transmission loss (dB)
5]
=

R?: 0.994

Y =1653+ 59.98x — 76.68x°

F(2.2) = 167.98. P = 0.0059

R2: 0.994
F(2,2) = 159.03, P =0.0062

Y = 064 + 0.07;\-_ 4'48)(}0-5;\:

2 -

20 -

18 1 T 1 T ) T 1] 1

300 350 400 450 500 550 600 650 700 750
Density (kg/m?)

0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
Porosity, ¢

Figure 5.9. Quadratic fit line of TL. X-axes represent density & porosity, and y-axis represents

transmission loss. Blue color is for density curve, and orange color is for porosity curve.

142



5.3.9. Comparison with commercially available acoustic insulation materials

Acoustic insulation properties of produced 3D printed insulation materials was compared with the
insulation properties of commercially used gypsum board (table 5.6). The sound transmission loss
of 15 mm thick gypsum board is 26.3 dB [32]. Thus, the normalized sound transmission loss of
gypsum board per mm is 1.76 dB. The normalized sound transmission loss of printed samples I-
10, 1-20, 1-30, 1-40, and 1-50 is higher than the normalized value of gypsum board (assuming the
normalization holds good) by +295.5%, +336.9%, +367.1%, +397.2%, and +400.5%, respectively.
This indicates that 3D printed samples have great potential to be used as acoustic insulating
materials.

Table 5.6. Comparison of sound transmission loss with gypsum board.

Sample Thickness (mm)  TL (dB) Normalized TL Comparison with
(dB) per mm respect to gypsum

I-10 3.95 20.53 5.20 +295.5%

1-20 3.96 23.47 5.93 +336.9%

1-30 3.96 25.56 6.46 +367.1%

1-40 3.97 27.73 6.99 +397.2%

1-50 3.97 28.00 7.05 +400.5%
Gypsum 15.00 26.3 1.76 0.00%

5.4. Summary

In this study, PLA filaments have been used to develop insulation materials by 3D printing
technology, which gives more precise control for design and development of advanced insulation
materials. Tested results showed that 3D printed samples have very good insulation properties,
The lowest obtained thermal conductivity is 0.037 W/mK for porosity of 0.71 and density of
366.46 kg/m?® which is significantly lower than those of the commonly used thermal insulation
materials, glass wool (0.04 W/mK). The highest obtained sound transmission loss is 28.0 dB
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(average value from 125Hz to 2500 Hz) for porosity 0.43 and density 721.26 kg/m® which is
significantly higher than the TL of gypsum board. This indicates the potential for using 3D printed
PLA as building insulation materials and as a substitute for conventional insulation materials. It
also has potential to replace the tiles or paints of building walls. However, there are some
limitations of using PLA as thermal insulation materials as the melting point of PLA is relatively
low. High-temperature insulation is not suitable for PLA, unless it is modified, or other alternate
materials are used.

Investigation was also done to understand the microstructure of printed samples and the effect
of density and porosity on insulation properties of printed samples. A detailed investigation was
also conducted to understand the effect of structural parameters including thickness, density, air
permeability, and porosity on the insulation properties nonwoven composite produced from waste
textiles in chapter three. But the problem of nonwoven composite was that we could not control
all the parameters simultaneously, like if we change density or thickness then air permeability will
also change. Therefore, in 3D printed samples we have more ability to control, and allow us to
produce printed samples by keeping same thickness and air permeability and changing density and
porosity. Tested results in printed samples showed similar effect of structural parameters on
insulation properties that we had observed in nonwoven composites, i.e., with the increase of
density and decrease of porosity, acoustic insulation property increases but thermal insulation

property decreases.
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CHAPTER 6

Predictive Models for Thermal Insulation Properties of Porous Composite Materials*

4 Islam, S. and Bhat, G. To be submitted to International Journal of Heat and Mass Transfer.
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Abstract

An effective model for thermal insulation can provide opportunity to design insulation materials
with specific insulation properties and contribute to the insulation industry by decreasing costs and
saving time on laboratory testing. Although previously several research have been conducted to
develop theoretical and experimental models for predicting thermal insulation properties of
composite materials, there is a lack of appropriate models for predicting effective thermal
conductivity of porous materials. Hence the primary goal of this study was to develop an analytical
model for predicting thermal insulation properties of porous materials. This study also investigated
the applicability of existing models (series, parallel, ME1, ME2, and EMT) for predicting thermal
insulation properties of such materials. The experimental result showed that among the five basic
models, EMT model gives comparatively better prediction. However, none of the existing models
give satisfactory results for predicting thermal insulation properties of porous materials. Hence, a
model combining ME1 and ME2 models and including the effect of radiation in order to get better
prediction of thermal properties of porous composite materials has been proposed. Predictability
of the proposed model was verified using experimental data, and was also compared with other
existing models. Results showed that the proposed model provides better prediction for porous
insulation materials.

Keywords: Porous materials, thermal conductivity, modeling, comparison of models
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6.1. Introduction

Historically direct measurement was the ideal method of obtaining accurate insulation properties
of materials, but this is a complicated job that required time, special equipment, and accurate
sample size, which is not always feasible [1]. Thus, the use of a predictive model may often be the
best way of estimating insulation properties.

For some materials, data of thermal conductivities can be found in the literature [2], [3]. But,
the databases are available only for some limited materials, which are mainly for pure single
components like aluminum, nylon, polyester, and cotton. Hence, a predictive method for
measuring thermal insulation property is essential due to the limitations of available data and
feasibility of direct measurements.

Currently available predictive methods for measuring thermal insulation properties in the
literature are developed mostly by simple empirical correlations of temperature and/or composition
[4]. The applicability of these empirical correlations is limited to composite materials as the
properties of composite vary a lot with the variation of individual components. In case of porous
composite materials, the task is more complex, as thermal properties of porous materials not only
rely on the properties of the solid component and porosity, but also the overall structure of the
materials [5], [6]. A rigorous numerical simulation using the finite difference method, the finite
element method, or other numerical techniques can be utilized in this case when the microstructure
of porous composites is known [7]-[9]. However, analytical models are more suitable than
numerical models as analytical models are rapid with low cost of calculation, and provide
sufficient accuracy even when microstructure is uncertain [10].

Most of the available models for determining thermal insulation properties are based on five

basic structural models, which are Series [11], Parallel [11], Maxwell-Eucken (ME) 1 and 2 [12],
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and Effective medium theory (EMT) [13]. These models are based on mathematical formulas that
are derived from several known physical laws like mass and energy balances, reaction kinetics,
and thermodynamics [4]. However, reliability of these models is limited as these models are
developed based on certain physical structures of materials and are not applicable if the structure
of the materials changes [4], [5]. The series and parallel models assume that the layers of materials
are aligned in series and parallel to heat flow [14]. The ME models are developed by considering
structures where one phase is dispersed in another continuous phase. The EMT model assumes
completely random distributions of all components [14]. Thus, these five basic models are suitable
for predefined physical structures, but not fully appropriate for other than those defined structures
[10]. Porous composites have complicated physical structures which don’t match any predefined
structure of five basic models [6]. Up to now, there is no single model that can predict thermal
insulation properties of all types of porous composite materials [14]. Apart from predefined
structure, there is another fundamental limitation of five basic models. These models only assume
heat flow by conduction and ignore the heat flow by convection and radiation. This assumption
may be appropriate for complete solid structure, but for porous materials, heat flow occurs not
only by conduction but also by convection and radiation. Therefore, estimating thermal insulation
properties using five basic models is questionable. Hence, the main purpose of this study was to
develop an effective model to predict thermal insulation properties of porous materials.

This study also investigated several existing models to check the applicability of these models
for porous insulation materials. A comparison was done between the experimental data and
estimated data from models in order to check differences, and to understand whether these
differences are within the allowable limit. Considering the limitation of existing models, a

modified thermal analysis model was proposed combining ME1 and ME2 and including the effect
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of radiative heat transfer process in order to predict thermal properties of porous composite
materials more efficiently. After that, feasibility of the proposed model was verified using
experimental data, and was compared with other existing models.

6.2. Thermal Conductivity Models

Heat transfers as a form of energy from a high-temperature region to a low-temperature region. In
general, heat transfer occurs by three mechanisms: conduction, convection, and radiation [15]. In
conduction method, heat transfers from one substance to adjoining substances by direct contact
without intermixing or flow of any material [16]. When rapidly moving or vibrating atoms and
molecules come in contact with other atoms and molecules, then heat transfers from molecules
with higher energy (temperature) to the molecules with lower energy (temperature) [17], [18]. Heat
transfer by conduction can be quantified by Fourier’s law (equation 6.1).

Q= kAdl (6.1)
dx

where, Q = rate of heat flow (W), k = material conductivity (W/mK), A = area normal to direction
of heat flows (m?), dT/dx = temperature gradient in the direction of heat flow(K/m).

Conduction is the most significant means of heat transfer in a solid material where atoms and
molecules stay in contact. In liquids and gases, molecules are normally staying apart resulting in
lower probability of molecules colliding and passing of energy by conduction [15]. Heat transfer
in liquids and gases mainly occurs by convection process where energy is transferred from high
temperature to low-temperature regions due to the movements of fluids (liquids, gases). The third
mechanism of heat transfer is thermal radiation, where energy transfers from hot body to a cooler
body in the form of electromagnetic waves [15]. Heat can transfer in this process even without an

intervening medium [19].
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In general, heat transfer is constant in isotropic materials. For composite materials, heat
transfer depends on the structure and properties of each of the constituent materials [20]. In the
case of porous materials, heat transfer depends on solid phase and pore size, and shape of the
materials [20]. If there is an absence of air voids within a solid structure, then heat transmission
mainly occurs by conduction process. With porous materials, heat transfer takes place through the
air void by convection and radiation process as well [21]. Thus, determining heat transmission
through porous composite structures is a complex task as all the heat transfer mechanisms and
structures of each component need to be considered during calculation.

In the case of materials with air void structure, Skochdopole experimentally presented that heat
transfer by convection does not exist for void cell diameters smaller than 4 mm [22]. As most of
the porous composite materials, especially those which are produced from textile fibers, have pore
diameter in micrometer range thus, heat transfer by convection can be negligible. Similarly, heat
transfer by radiation at room temperature is also very low, which can also be negligible. Therefore,
heat transfer at room temperature mainly occurs by conduction. Heat transfer in materials only by
conduction is mathematically analogous to the electrical conductivity, permittivity, and magnetic
permeability of a material [23]. Thus, similar to electric conductivity, five basic structural models,
including the Series, Parallel, Maxwell-Eucken (two forms), and EMT models, can be utilized to
estimate the heat transfer of two-component materials [14].

6.2.1. Series model
The series model is developed by considering that the composite material consists of homogeneous
components which are in contact with each other. Each component is placed perpendicular to the

direction of heat flow, as shown in figure 6.1(a) [24], [25].
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Figure 6.1. Schematic illustrations of the (a) series model (b) parallel model.
The effective thermal conductivity of composite materials can be estimated using the series

model applying equation 6.2 [26].

k, = (6.2)

where, ke is the effective thermal conductivity, k and v are thermal conductivity and volume
fraction of components 1 and 2, respectively.
6.2.2. Parallel model
Similar to the series model, parallel model is developed by assuming that the composite materials
consist of homogeneous components which are in contact with each other. But here, each
component is placed in parallel to heat flow, as shown in figure 6.1(b) [27].

Effective thermal conductivity of the composite material can be estimated using parallel model
applying equation 6.3 [26].

k, = VK +V,k, (6.3)
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where, ke is the effective thermal conductivity, k and v are thermal conductivity and volume
fraction of components 1 and 2, respectively.

6.2.3. Maxwell-based ETC model

The first analytical expressions for effective conductivity of heterogenic medium were discussed
by Maxwell [23], [28]. The Maxwell model was initially developed to estimate electric
conductivity by considering a structure where one phase (spherical in shape) is dispersed in an
infinite medium, considering that there is no interaction (or negligible interaction) between two
spheres [29], [30]. The schematics of such materials are shown in figure 6.2.

Eucken modified maxwell’s model in order to measure thermal conductivity and termed as
Maxwell-Eucken (ME) model, which allows composite structure with more than one dispersed
phase [23], [31]. Similar to the Maxwell model, the ME model also assumes that the dispersed
particles are isolated, and there is no interaction among them during heat conduction [26].

There are two forms of ME model, which are referred to as ME 1 and ME 2. For example, if a
composite material consists of two components (component 1 with thermal conductivity of ki
(marked as grey-black color in figure 6.2), and component 2 with thermal conductivity of k.
(marked as grey-white color in figure 6.2), then these two components can arrange in the composite
structure in one of the following two ways.

In one case, component 1 may form a continuous path, and component 2 may form a dispersed

phase (figure 6.2a). This arrangement can be denoted as the ME 1 model.
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Figure 6.2. Schematic illustrations of the (a) Maxwell-Eucken 1 (b) Maxwell-Eucken 2.
The effective thermal conductivity (ke) of ME 1 model can be obtained using the following

equation [32], [33].

(6.4)

In the second case, component 2 may form a continuous path, and component 1 may form a
dispersed phase (figure 6.2b). This arrangement is denoted as ME 2 model.

The effective thermal conductivity (ke) of ME 2 model can be obtained using the following
equation [32], [33].

3k,
K = 2k, +k;
3k,
V, +V,
2k, +k;

k,v, + kv,
(6.5)

Several researchers further improved ME model to include various effects [23]. Hamilton
modified the ME model that provides opportunity to use this model for non-spherical dispersed

phase in the continuous medium (equation 6.6) [1], [34].
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C K (n-1)k, +k, —(n=1)(k, —k, )V,
o (n=1)k K, + (K =k, )V,

e

(6.6)

where, n is the shape factor, n =2 for cylindrical shaped dispersed phase (equation 6.7) and n =3

for spherical shaped dispersed phase (equation 6.8 and 6.9).

ki (ki —ko)v,

6.7
R T (e A 6.7

For spherical dispersed phase, Hamilton modification of ME 1 and ME 2 model can be written
as equations 6.8 and 6.9, respectively.

ME1 model for spherical shape based on Hamilton modification:

C —k 2k, +k, —2(k, —k, )V,

component 1 continuous 6.8
¢ 12m+@+wf«gw( P ) (6.8)

ME2 model for spherical shape based on Hamilton modification:

2k, +k, —2(k, —k .
. =k, 2tk —2(k, —k)V, (component 2 continuous) (6.9)
2k, +k +(k, —k v,

6.2.4. Effective medium theory (EMT) model

Landauer initially developed effective medium theory (EMT) for obtaining the electrical
conductivity of alloys [13]. Using similarity between heat conduction and electrical conduction,
this model is also used for predicting thermal conductivity of composite materials [35]. The model
is developed based on the assumption that the distribution of different phases within the composite

structure is completely random (figure 6.3) [25].
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Figure 6.3. Schematic illustrations of the effective medium theory.
The effective thermal conductivity of a two-phase composite material can be calculated by

EMT model using following equation [5].

v K=k, v, =k _ (6.10)
k, + 2k, K, + 2K,

where, k and v are thermal conductivity and volume fraction, and subscripts of e, 1, and 2 represent
the composite materials, components 1 and 2, respectively.
6.3. Model Development
The five basic models that were discussed in the previous sections to estimate thermal conductivity
have limitations and proved to be inadequate for several composite structures [25]. Those models
were initially developed for estimating electric conductivity, later used to predict thermal
conductivity, assuming that heat is transferred only by conducting and neglecting the heat transfer
by convection and radiation. Again, the structure of porous composite materials does not fully
match any of the five basic models.

Thus, we propose a new model by modifying the existing model, ME, in order to suit the
structure of porous composite materials. If component 1 (grey-black color of figure 6.2) of the ME

model becomes solid phase and component 2 (grey-white color of figure 6.2) of ME model
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becomes gaseous phase, then this model can be utilized for porous structure using the following
formula.

Maxwell-Eucken 1

K = 2k, +k, —2(k, -k, )¢

=k, (6.12)
2k, +k, +(k, —k, )

Here, solid phase is continuous. ks is the thermal conductivity of solid phase, ka is the thermal
conductivity of gas (air), and ¢ is the porosity.

Maxwell-Eucken 2

 _ 2k, +k, —2(k, —k;) o
T 2k, +k, +(k, — k)

(6.12)
Here, gas (air) phase is continuous.

These two models can be further modified in order to make them suitable for porous
composite structures that have more than one solid phase. In that case, thermal conductivity of

solid phase (ks) will be the weighted harmonic mean of the thermal conductivity of several

individual solid components of those materials (equation 6.13).

(- (6.13)

Here, v is the volume fraction of solid components, k is the thermal conductivity, and i =
1,2,3,......e. n.

As total volume fraction of all solid components is one unit, the equation 6.13, can be written as,

|(:1

S n

Vi
2

(6.14)
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For example, if a composite structure consists of two solid components with the volume
fraction of component 1 is 0.4 and volume fraction of component 2 is (1 —0.4) or 0.6, then weighted
harmonic mean thermal conductivity of solid phase can be estimated using the following formula
(equation 6.15).

1
k, = 04 06 (6.15)

k, Kk

X y

Here, kx and ky are the thermal conductivities of solid components 1 and 2, respectively.
However, the structure of a porous composite material is not completely similar to ME1, where

the solid phase forms a continuous path and gas-phase remains as a sphere, or ME2, where solid

spheres remain discontinuous in gaseous phase. That’s why we proposed the following model by

a combination of ME1 and ME2 (equation 6.16).

K., xk
k — ME1 ME 2 616
(f kaE1)+((1— f)kaEZ) (6.16)

Here, k = thermal conductivity of porous composite samples, kwvez is the thermal conductivity in
ME2, kwez is the thermal conductivity in MEL, and f is the fraction of continuous gas path, which
is very much similar to porosity, and (1 — f) is the fraction of continuous solid path.

This model can effectively represent both ME1 and MEZ2 structures. Like, if f = 0 or fraction
of continuous gas path is zero, then k = kme1 and if f = 1, then k = kvez.

Now, f and 1 — f can be rewritten as follows:

f
1-f

zV—Vor ~—or or (6.17)
VS

Here, Vy, Vs, and Vr are Void volume, solid volume, and total volume respectively.
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Hence, equation 6.16 can be rewritten as,

Kues > K2
(¢XkME1)+((1_¢)X kMEZ) (6.18)

This model can be utilized in all types of porous composite materials with different shapes of
structure as continuous gas or solid path of ME model is replaced by porosity.

The above model is developed based on two basic models, ME 1 and ME 2. One of the main
assumptions of ME 1 and ME 2 model is that heat flow is only by conduction and convection and
radiation heat flow processes are absent. This assumption is mostly appropriate for solid materials.
But in case of porous materials along with conduction, heat also flows by convection (when pore
diameter is more than 4 mm) and there is contribution from radiation process as well [22].

In reality, with most of the composite materials, especially fibrous composite materials, pore
diameters are in micrometer range. Thus, we can exclude convection heat transfer process. But
heat transfer by radiation is not completely negligible for porous materials. Although heat transfer
by radiation at room temperature is very low, we need to consider this process in order to develop
an appropriate model.

Wei et al. investigated the importance of inclusion of radiation process during heat transfer.
Experimental results showed that at 293 K temperature, radiation contributes about 6% of heat
transfer for highly porous materials [36]. The contribution of radiation heat transfer for porous

materials can be calculated using equation 6.19 [37], [38].

k :§x4d¢aT3 (6.19)

rad

where, d is the average pore diameter, ¢ is the porosity, T is the mean temperature in kelvin, and o
is Stefan—Boltzmann constant (5.67 x 10® W/m? K*).

Therefore, considering heat transfer by both conduction and radiation, the model becomes,
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- Kyes % Ky | 8dgoT? (6.20)
(¢XkME1)+((1_¢)kaE2) 3

Equation 6.20 is our proposed final model for predicting thermal insulation properties of porous
composite materials.

6.4. Experimental Design

In this study, two different porous composite materials, nonwoven insulation from waste textiles
(discussed in chapter 3) and 3D printed insulation from PLA filaments (discussed in chapter 7),
were used to test the applicability of models.

6.4.1. Determination of thermal properties

Thermal resistance, R-value, and heat flux (Q) of two different insulation materials (nonwoven
insulation from waste textiles and 3D printed insulation from PLA filaments) were measured
experimentally using sweating guarded hotplate following the standard ASTM-F18868-C [39].
According to this standard, thermal resistance was measured by total heat loss where plate & guard
temperature was kept at 35°C, and ambient temperature was kept at 25°C. Thermal conductivity

(k) was measured from heat flux, thickness, and temperature differences using following equation:

k= QAfrt (6.21)

where Q is the heat flow (W/m?), t is the thickness (m) of the specimen, and AT is the temperature
difference (K) between hot and cold surfaces.

Along with experimental measurement, thermal conductivity of waste textiles and 3D printed
samples were estimated using five basic models (series, parallel, ME 1, ME 2, and EMT) and
model proposed in this experiment. For estimating thermal conductivity of 3D printed samples,
the solid phase (PLA filament) thermal conductivity is used as ks = 0.13 W/mK [40], and gaseous

phase (air) thermal conductivity is used as ka = 0.025 W/mK [36], based on literature. Similarly,
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for estimating thermal conductivity of nonwoven composite panels, the solid phase cotton,
Sorona®, and PLA fibers’ thermal conductivity are used as ks; = 0.243 W/mK [41], ks = 0.2 W/mK
[42], and ks3 = 0.13 W/mK [40] respectively and gaseous phase (air) thermal conductivity is used
as ka = 0.025 W/mK [36], based on literature. In order to calculate thermal property using this
model, it is also necessary to determine the porosity and pore size of composite materials. Porosity

(¢) of composite panels was calculated by the following relation [43].

¢:1_£, (6.22)
Jo,

For nonwoven composite isulation, p’is the density of cotton, Sorona®, and PLA fibers p is
the density of composite panels. For 3D printed samples, p'is the density of PLA filaments and p

is the density of printed samples. The average densities of cotton, Sorona®, and PLA fibers used
for calculation were 1.52 g/cm?® [44], 1.32 g/cm?, and 1.25 g/cm® respectively; and the average
density of used PLA filaments were 1.27 g/cm?®. Pore diameter of nonwoven composite panels
were determined using porous materials Inc. (PMI), model no. CFP-100AEX following the
standard test method ASTM F316-03 [45]. On the other hand, 3D printed samples were designed
with a specific pore diameter. After printing, average pore diameter of samples is tested again to
check whether there is any variation in pore diameter between actual samples and designed
samples.

6.4.2. Comparisons of Model Predictions with experimental data and five basic models

The proposed model was compared to the experimental data with three different processes,
calculating difference, percentage differences, and mean absolute discrepancies (ADwm) of
experimental and predicted data. The ADwm between the data and the models was calculated using

the following equations [1].
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Here, nq is number of data points.

The experimental data were also compared with five basic models to check which model most
appropriately estimates thermal insulation properties of porous materials. The proposed model was
also compared with five basic models.

6.5. Results and Discussions

6.5.1. Experimental thermal conductivity

The experimental thermal conductivity (TC) measured by sweating guarded hot plate are shown
in table 6.1 (nonwoven composite produced from waste textiles) and table 6.2 (3D printed
insulation from PLA).

6.5.2. Thermal conductivity calculating by model

The predicted thermal conductivity (TC) values of all nonwoven composite panels and 3D printed
insulation panels using the proposed model and five basic models are shown in table 6.1 and table
6.2, respectively.

6.5.3. Comparison of proposed model with experimental data

The comparison of TC values obtained by experiment and prediction using proposed model is
shown in table 6.1 (nonwoven composite produced from waste textiles) and table 6.2 (3D printed
sample from PLA). Results indicate that for both nonwoven composites and 3D printed samples,
predicted TC values have a reasonable agreement with experimental TC values. The differences
between model and experimental data were also calculated. It is evident that the estimated TC
values agree very well with experimental data with a maximum difference of 0.004 (for nonwoven

composites) and 0.006 (for 3D printed sample). This difference is much less than some other
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recently developed TC models [46]. Therefore, it can be concluded that the developed model is
very helpful and reliable for the prediction of thermal conductivity.

Table 6.1. Comparison of TC values obtained from experiment and predicted by proposed model
(nonwoven composite).

Sample | Density | Porosity | Poresize | Solid phase (ks) Gaseous | Predicted Experimental | Differences
Id. (kg/m®) (mm) phase, TC, k TC, k
Cotton Sorona® PLA air (Ka) (W/mK) (W/mK)
(ks1) (ks2) (ks3)
Al 460.05 0.68 0.163 0.243 0.200 0.025 0.054 0.050 0.004
A2 503.46 | 0.65 0.168 0.243 0.200 0.025 0.058 0.059 0.001
A3 544,95 | 0.62 0.162 0.243 0.200 0.025 0.063 0.065 0.002
A4 43421 | 0.69 0.174 0.243 0.130 0.025 0.049 0.049 0.000

Table 6.2. Comparison of TC values obtained from experiment and predicted by proposed model
(3D printed samples).

Sample Id. | Density | Porosity | Solid Gaseous | Predicted Experimental | Differences
(kg/m?®) phase, phase, air | TC, k TC, k
PLA (ks) | (ko) (W/mK) (W/mK)
1-10 366.46 | 0.71 0.13 0.025 0.042 0.037 0.005
1-20 459.22 | 0.64 0.13 0.025 0.047 0.041 0.006
1-30 546.75 | 0.57 0.13 0.025 0.052 0.052 0.001
1-40 635.70 | 0.50 0.13 0.025 0.058 0.062 0.004
1-50 72126 | 0.43 0.13 0.025 0.065 0.070 0.005

6.5.4. Comparison of proposed model with five basic models

Comparison was also made among five basic models (series, parallel, ME1, ME2, and EMT),
proposed model, and experimental data. It was found that the TC values from experimental data
were mostly similar to the developed model compared to those of five basic models in case of both
nonwoven composite panels (figure 6.4) and 3D printed samples (figure 6.5). The mean absolute

discrepancies between experimental data and models are presented in table 6.3 (composite panels)
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and table 6.4 (3D printed samples). The mean absolute discrepancies between experimental data
and models are 0.0011 for composite panels and 0.0021 for 3D printed samples. These
discrepancies are much lower than the discrepancies between experimental data and five basic
models. Thus, it can be said that the proposed model has ability to predict thermal properties of
porous materials more efficiently compared to the five basic models. The average percentage
differences between proposed models are 3.0% for composite panels and 8.4% for printed samples.
In both cases, the percentage difference is less than +10% which indicates that the accuracy of
model is sufficient to be used in industrial sectors [1].

For both composite panels and 3D printed samples, among five basic models, it was found that
ME 2 and EMT models are comparatively closer to the experimental data, i.e., provided
comparatively better prediction of thermal conductivity. This is because structural assumptions of
both EMT and ME 2 models are closer to porous composite materials. Thus, if anyone wants to
apply five basic models for predicting thermal properties of porous materials, EMT and ME2 will

give better predictions.
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Table 6.3. Difference between experimental data and models (nonwoven composite).

Model Mean absolute discrepancies Average percentage difference
Series 0.0104 56.3%

Parallel 0.0167 36.9%

ME 1 0.0098 25.5%

ME 2 0.0038 13.8%

EMT 0.0020 5.9%

Developed model 0.0011 3.0%

Table 6.4. Difference between experimental data and models (printed samples).

Model Mean absolute discrepancies Average percentage difference
Series 0.0070 33.0%

Parallel 0.0080 26.3%

ME 1 0.0048 17.3%

ME 2 0.0023 9.2%

EMT 0.0024 9.2%

Developed model 0.0021 8.4%

Although the developed model prediction is very close to experimental data, still, there are
some discrepancies. The discrepancies may arise from several sources. During calculation using
the model, TC of cotton, Sorona®, and PLA was considered as 0.243 W/mK, 0,2 W/mK. And 0.13
W/mK, respectively. All of these are average values, and slight deviation may occur within
materials. TC value of air is considered 0.025 W/mK, which may also vary with the variation of
temperature. Previous research showed that TC of gas could vary up to 5% [47]. Discrepancy may
also arise from the measurement of porosity and pore size. All these factors contribute to some
discrepancies. Discrepancy may also arise from experimental data as the accuracy of thermal

conductivity measurement is not 100%.
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6.6. Summary

In this study, a new model was proposed to measure the thermal insulation properties of porous
materials. This study also investigated five basic thermal conductivity models in order to
understand which models are most suitable to predict the insulation properties of porous materials.
It was observed that among the five basic models, only EMT and ME2 models provide reasonable
predictions for porous materials. The discrepancies between experimental and predicted data of
other models are very high, like for nonwoven composite panels, discrepancy is as high as 56.3%
in series model. The proposed model more efficiently estimates the thermal insulation properties
of porous materials compared to five basic models. From comparative analysis, it was found that
the estimated thermal conductivity value agrees well with the experimental data with a discrepancy
of about 0.0011 (nonwoven composite panels) and 0.0021 (3D printed samples). The average
percentage difference between model and experimental data is less than 8.5% for both nonwoven
composite and 3D printed samples. In general, if the difference between model predictions and
experimental measurements are within £10%, it is considered that the accuracy is sufficient for
industrial purposes [1]. Thus, it can be concluded that the proposed model is suitable for predicting
thermal insulation properties of porous materials. However, additional experimental study is

encouraged to further verify the model.
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CHAPTER 7

Life Cycle Assessment of Thermal Insulation Materials Produced from Recycled Textiles®

5lslam, S., Bhat, G., and Mani, S. To be submitted to Resources, Conservation & Recycling.

174



Abstract

This study aims to produce environment-friendly thermal insulation materials from recycled
textiles, to evaluate the environmental impact of produced insulation materials using life cycle
assessment (LCA) method, and finally compare the environmental impact of competing insulation
materials. In this study, three different insulation panels were produced using textile wastes at
different percentages, temperatures, and pressure conditions. They are composed of 100% recycled
cotton (N1), 90% recycled cotton/10% PLA (N2), and 42.5% recycled cotton/42.5% recycled
nylon/15% PLA (N3). A cradle to gate LCA study was conducted to assess the key environmental
impacts based on the 1SO 14040/44 guidelines. The N1 and N2 insulation materials had lower
environmental impacts than that of N3 insulation panel. However, all three insulation panels had
comparable environmental impacts with that of commercially available insulation materials (stone
wool, recycled PET bottle, and flax). LCA results showed that insulation panels N1 and N2 have
eleven and three times (respectively) lower global warming potential than stone wool and sixteen
and four times (respectively) lower global warming potential than flax-based insulation panels.
Opportunities exist to further reduce the environmental impacts of waste textile insulation panels
by process intensification and using recycled PLA fibers.

Keywords: Thermal insulation, textile wastes, recycling, nonwoven, greenhouse gas emissions.
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7.1. Introduction

LCA is a comprehensive method to systematically assess the environmental impacts (such as
global warming, acidification, ozone depletion, etc.) throughout the whole life cycle of a product
[1]. 1t is a set of activities that estimates environmental impacts starting from extraction of raw
materials, then several manufacturing stages, intended use, and finally ends with the disposition of
that materials. LCA methodology can also be used to assess the environmental impacts at different
manufacturing stages of products to identify which stage has larger environmental impacts. These
activities give opportunity to highlight potential stages that can be modified to reduce
environmental impacts instead of replacing the entire production process [2]. LCA can also be
applied to compare several products with similar functions or technology and identify which
product or technology has the least environmental impacts.

Thus, the overall objectives of this study were to manufacture sustainable thermal insulation
materials from recycled textiles using nonwoven fabrication techniques, to carry out the cradle to
gate LCA to assess the environmental impacts of produced insulation materials, and compared
with commercial insulation materials (natural flax, recycled PET bottle, and synthetic stone wool)
and to conduct the sensitivity analysis of key input parameters influencing the final environmental
impacts to improve the overall environmental performances.

7.2. Preparation and Analysis of Thermal Insulation Materials

7.2.1. Preparation

Thermal insulation panels were prepared by blending waste textile fibers with thermoplastic binder
polylactic acid (PLA) fibers at different ratios (table 7.1). Textile waste from Bluewater Defense,

a military apparel producer in Purto Rico, were shredded into loose fiber/yarn bundles by Cross
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Plains Trading Company, Chatsworth, GA. PLA staple fibers (synthesized from corn starch) were
obtained from Fiber Innovation Technology, Inc., Johnson City, TN.

Waste textiles are converted into small fabric strips (around 5cm x 2 cm) using a shredding
machine. These cut fabrics were passed through a special fabric recycling carding machine, also
called garnett, to open into fibers, and then blended with PLA fibers. A carded web of fiber blends
was produced at the end of this process. Three different samples were produced, which were
denoted as N1, N2, and N3 (table 7.1). The production process of insulation materials is shown in
figure 7.1. For all three insulation materials, recycling of waste textiles and forming nonwoven
fiber webs were completely similar. However, the web bonding process was different. For
insulation panel N1, mechanical bonding was done by needle punching. For insulation panel N2
and N3, after mechanical bonding, thermal bonding was also done in order to increase mechanical
properties. For thermal bonding, low melting thermoplastic binder fiber, PLA, was blended with
recycled fibers during nonwoven fiber web formation. When heat (165 °C) is applied, PLA fiber
melts partially to cause necessary adhesion between fibers. In N3 insulation panels, high pressure
(800 Ibs) was also applied at the time of heating that consolidates the fiber web and further
increases the strength and stability of insulation panels.

Table 7.1. Different parameters of composite samples.

Sample Id.  Fiber type Temperature (°C)  Time (m) Pressure
(kPa)
N1 100% recycled cotton fibers (control) No No No
N2 90% recycled cotton fibers/10% PLA 165 10 No
N3 42.5% recycled cotton fibers/42.5% recycled 165 3 800 Ibs
nylon fibers/15% PLA
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(N1) TNy (N3)

Figure 7.1. Composite sample preparation process: (a) Carded waste fibers (100% cotton), (b) PLA
fibers, (c) Carded waste fibers (50% cotton/50% nylon), (d) Needle punched sample (90%
cotton/10% PLA), (e) Needle-punched sample (42.5% cotton/42.5% nylon/15% PLA), (N1)
Needle-punched thermal insulation panels (100% cotton), (N2) Insulation panel after heat setting
(90% cotton/10% PLA), (N3) Insulation panels after heat and press.

7.2.2. Characterization of insulation panels
At first, the insulation panels were conditioned for 48 hours in a standard testing environment, i.e.,
(20+2)°C temperature and (65+2)% relative humidity. After conditioning, thickness (t), area (A),
weight (w), areal density (s), and bulk density (p) were measured. For calculating areal density (s),
insulation panels were weighed using an electronic balance, and area of the samples was measured.
Then areal density, s (g/m?), was calculated by dividing weight over area. Bulk density, p (kg/m®)
was calculated by dividing areal density (s) over thickness (t).

Multiple measurements (five) were taken for each sample as per the standard, and average

values of thickness, areal density, and bulk density were calculated.
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Thermal resistance, R-value, and heat flux (Q) of insulation panels were measured using
sweating guarded hotplate based on the standard ASTM-F18868-C [3]. The thermal resistance was
measured by total heat loss where plate & guard temperature was kept at 35°C, and ambient
temperature was kept at 25°C. Thermal conductivity (k) was measured from heat flux, thickness,
area, and temperature differences.

The thickness of insulation panels was adjusted to get thermal resistance value of 1 m? K/W,
which is helpful to compare these insulation materials with similar types of other insulation
materials. The related properties of insulation materials to get 1 m? K/W are given in table 7.2.
7.3. LCA Methodology
LCA is a process that is used to analyze, quantify, and evaluate the environmental aspects and the
potential impacts associated with a product, process, or activity [4]. According to ISO 14044
standard, LCA methodology consists of four main steps, which are goal and scope definition,
inventory assessment, impact assessment, and interpretation of results.

In this study, a cradle to gate LCA method was applied as per the standard of 1SO 14040 [5]
and 14044 [6] to produce thermal insulation materials from waste textiles. The detailed sub-
process includes collection of waste textiles, fabric shredding, the extraction of PLA fibers from
raw materials, fiber web formation, needle punching, and heat setting. The reference thermal
insulation materials considered for comparison purposes were natural flax fiber, recycled PET
fiber from plastic bottle, stone wool (combination of virgin and waste stone wool). The
environmental impact data for flax fiber, recycled PET, and stone wool was collected from

available literature.
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7.3.1. Goal and Scope

The insulation materials produced from textile wastes are expected to be used as building thermal
insulation materials. The purpose of the LCA study was to evaluate environmental impacts of
produced materials, analyze the environmental impacts at different stage of production process
and find out which stages need to be modified for reducing environmental impacts, compare with
similar other insulation materials, and finally to check whether the waste textile based insulation
materials have significantly lower environmental impacts than that of other available insulation
materials such as flax fibers, recycled PET fibers from plastic bottle, and stone wool.

The scope of the LCA study defines the functional unit, system boundaries, and interested
impact categories of thermal insulation panels from textile wastes [4], [7], [8]. In this study, we
assumed that the waste textiles that would otherwise be dumped in the landfills will be utilized for
producing thermal insulation panels.
7.3.1.1. Functional unit
According to the ISO 14040 standard, the functional unit (f.u.) is the reference unit through which
product system performance is quantified [9], [10]. As similar to other LCA studies of thermal
insulation materials, f.u. of this study was defined as the mass (kg) of thermal insulation panel
required to provide the thermal resistance (R-value) of 1 m? K/W (equation 7.1).
f.u.= RkpA (7.2)
where, R is the thermal resistance of 1 (m? K/W), k is thermal conductivity measured as W/mK, p
is the density of insulation products in kg/m?® and A is the area of 1 m2.

According to the above definition of f.u., the amount of insulation materials (kg) required to

meet the thermal resistance of 1 m? K/W are shown in table 7.2.
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Table 7.2. Functional unit (kg) required to provide a thermal resistance of 1 (m? K)/W (R = 1).

Sample Id | Thickness (mm) | Bulk density Thermal conductivity | Weight per f.u.
(kg/m®) (W/mK) (kg)

N1 9 24.8 0.027 0.67

N2 8 27.9 0.028 0.80

N3 9 190.8 0.036 6.92

Most of the thermal insulation materials have service life of 35 to 50 years or average lifetime
of the buildings [11]. The insulation materials produced from cellulosic fibers have lifetime of 50
years [11]. As used textile wastes are mostly cotton with cellulosic fibers, the service life would
be around 50 years.
7.3.1.2. System boundary
Figure 7.2 shows the system boundaries to produce three thermal insulation panels from waste
textiles. As this is a cradle-to-gate LCA, so the use and disposal phases are positioned outside of
the system boundaries. The use phase and disposal phase were not included to compare as impacts
are similar for all insulation materials [12]. Irrespective of the type of materials, an insulation
material can save more than 100 times impacts to production and disposal during its service life

[12].
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7.3.2. Inventory assessment

7.3.2.1. Inventory data

The inventory analysis is the second step of LCA, where all required data on input and output of
energy, material, and emissions are gathered and quantified [13]. We assumed that the
manufacturing of waste textile based thermal insulation plan would be located in the Continental
U.S. and all energy and material resources would be acquired from U.S. sources. The emissions
data for electricity consumption was acquired from U.S. electricity production mix.

Inventory data of this study was either estimated or obtained based on large scale production
system. The mass distribution and thermal performances of the insulation panels were obtained
from laboratory experiments. The energy consumption and the capacity of each unit operation for
large-scale production were obtained from literature sources. The complete inventory data starting
from waste textile collections, shredding, recycling, mechanical bonding, and thermal bonding are
shown in table 7.3.

The first process for producing thermal insulation materials is to collect waste textiles and
transport them to the production sites. The average in-state transport distance in the USA from
waste collection to production site is about 250 km [14]. The next process is fabric shredding.
Industrially used fabric shredding machines can shred on average 1000 kg fabric per hour with
13.2 KW electric power [15]. The average process loss or rejection amount during shredding
process of waste textiles is about 3% [16]. Thus, at the end of this process, 3% of solid waste had
been produced.

After shredding, cut fabrics were passed through a carding machine to open and clean the
fibers. In this process, waste textiles are converted into fibers. For N2 and N3 insulation panels,

thermoplastic PLA fibers (as a binder for thermal bonding) were blended with recycled fibers. A
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carded fiber web was produced at the end of this process. Industrially used textile waste fabric
recycling machine has an average production capacity of 275 kg per hour with 51.7 kW electric
power [17]. The process loss for fiber opening, cleaning, and web forming is about 14% to 16%
[18], which consists of dirt and short fibers. Thus, at the end of the recycling process, some
recyclable fibers that may be fed back into the system, and some solid wastes are produced.

The produced fiber web can were mechanically bonded using needle punching machine.
Industrially used nonwoven needle punching machine can have an average production capacity of
800 kg fabric per hour with 17 kW power use [19]. Insulation material N1 was prepared and ready
for use after needle punching.

In order to increase the bonding strength, samples N2 and N3 have been further bonded
thermally. When heat is applied, low melting temperature thermoplastic PLA fiber melts and
bonds other fibers together. For sample N2, heat is applied for melting PLA. Industrially used
furnace has capacity to give heat-set (Heat treatment condition: T = 165 °C for 10 min) of 92 kg
per hour with 6 kW electric power use [20]. For N3 insulation panels, high pressure was also
applied at the time of heating that consolidates the fiber web and increases strength and stability
of insulation panels. In this process, Geo Knight 12" x 14" JetPress machine was used for applying
both heat and pressure. The instrument can produce 7.8 kg per hour (Heat treatment condition: T
= 165 °C, 3 min) with 1.2 kW power rating. Heat loss occurs during this process, which was
estimated to about 23.86 kJ per kg of insulation panels. We also assumed that the entire production
process generates no or limited fugitive emissions, but generates both heat losses and solid wastes

and accounted for each process.
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Table 7.3. The inventory data for producing 1000 f.u. of insulation panels from waste textiles.

Input Output Waste/loss
Process Element Value for 1000 f.u. Value for 1000 f.u. Value for 1000 f.u.
N1 N2 N3 N1 N2 N3 N1 N2 N3
Cotton waste textiles (kg) 810 864.3 7100
Waste
. Transport (tkm) 202.3 216.07 | 1775
textile _
. Waste textiles at
collection 810 864.3 7100
production site (kg)
Waste textiles (kg) 810 864.3 7100
Electricity (kWh) 10.7 11.41 93.74
Fabric _ _
. Small cut piece of fabric
shredding 78550 | 839.2 6895
(kg)
Waste (solid) (kg) 245 25.2 206
Small cut piece of fabric
78550 | 839.2 6895
(kg)
Electricity (kWh) 147.70 | 157.75 | 1296
Fiber web | PLA fiber (kg) 80.4 1050
formation | Fiber web (kg) 677.5 803.8 6992
Recyclable solid waste
86.5 92.6 760.8
(kg)
Waste (Solid) (kg) 21.5 23.2 190.2
Fiber web (kg) 677.5 803.8 6992
Electricity (kWh) 14.25 17.08 148.6
Needle Mechanically bonded
. . . 670.5 795.8 6923
punching insulation panels (kg)
Recyclable solid waste
75 8.0 69
(ka)
Mechanically bonded
) ) 795.8 6923
Heat insulation panels (kg)
setting/ Electricity (kWh) 51.84 1065
Heat & Thermally bonded
. . 795.8 6923
press insulation panels (kg)
Heat loss (air) (MJ) 49.85

PLA fibers used in this study was obtained from renewable corn sources provided by Fiber
Innovation Technology, Inc., Johnson City, TN, USA. A thorough LCA data of PLA from corn
sources was obtained from the literature [21]-[23]. Inventory data for corn production was
obtained from US Life Cycle Inventory Database [24] and available literature [22]. Inventory data

for the production of PLA pellet from corn grain was obtained from Landis, A. E. [23]. The next
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step is to convert PLA pellet into PLA fiber. Industrially used polyester staple fiber production
machine has capacity to produce on average 1100 kg per hour using electricity 1200 kW [25]. It
was also estimated that during production PLA staple fibers from PLA pellets about 1202.6 kJ heat
had been lost and 7.89 g of solid waste had been produced [26]. The complete inventory data for
the production of 1000 kg PLA fibers has been presented in supplementary table 7.1.

7.3.2.2. Inventory database

The mass and energy data obtained for the production system was converted to emission data using
US life cycle inventory (US LCI) database. US electricity mix of the year 2020 (supplementary
table 7.2) is considered for analysis of all energy or electricity consumption.

7.3.3. Impact assessment method

The next step of LCA study is impact assessment, where environmental, ecological and human
impacts are quantified based on the life cycle inventory emission data for the product using TRACI
2 V. 3.03 assessment method. Nine different impact categories are selected (supplementary table
7.3) for impact assessment. Among these 9 different impact categories, global warming (GW)
occurs by greenhouse gases (carbon dioxide, methane, nitrous oxide, fluorinated gases, etc.), and
in this LCA study, GW is reported in kg equivalent of CO>. Acidification (Ad), a process where
water and soil become acidic, occurs due to the emission of sulfur dioxide and nitrogen oxides in
air during burning of fossil fuel, and due to the release of ammonia during agricultural activities.
In this LCA study, moles of equivalent H* has been used for reporting Ad. Carcinogenics (Cr),
non carcinogenics (NC) are reported in kg equivalent of benzene and toluene respectively. NC
impact are mostly coming from power generation and transportation. Respiratory effect (RE) is
reported in Kg equivalent of PM2.5, which means particles with a diameter less than 2.5 pm.

Eutrophication (Eu), reported in kg of equivalent N, occurs when water is overly enriched with
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minerals and nutrients like nitrogen or phosphorus resulting in excessive growth of algae, blockage
of sunlight, and oxygen depletion in water body [27]. Ozone depletion (OD), reduction in the
amount of ozone in the stratosphere that increases UV radiation on earth's surface, is reported by
kg equivalent of CFC-11. OD causes hazardous effect on plant and human health. Ecotoxicity
(Ec), toxic effect caused by pollution that harms ecosystems, has been reported by Kg equivalent
of 2,4-D, which is a type of herbicide. Finally, the smog formation (Sm), reported by Kg equivalent
of NOx, occurs due to the reactions of NOX, volatile organic compounds (VOCs), other pollutants,
and sunlight, which have adverse effects on human health and vegetation [28].

The entire thermal insulation manufacturing process generates limited wastes with no co-product
production. Hence, the overall impact has only been distributed only to the main products, thermal
insulation panels.

7.3.4. Sensitivity analysis approach

The impact assessment of this study was conducted based on average input data during production
of thermal insulation panels from waste textiles. Hence, a sensitivity analysis was performed in
order to understand the effect of variations in key input parameters on the environmental impacts.
The key input parameters chosen for sensitivity analysis were transportation distance, amount of
PLA fiber, and electricity consumption. In this study, each input parameter was varied to +20%
from the average value. This means that impact assessment will be conducted by increasing the
input data value by 20% and decreasing the input data value by 20% for each selected parameter.
7.3.5. Reference thermal insulation panels

The LCA data of produced thermal insulation materials from waste textiles was compared with
three different insulation panels obtained from the literatures. The details of all insulation materials

are presented in table 7.4. Stone wool is currently used as a commercial insulation panel, which is
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a synthetic material. Flax based insulation is obtained from natural sources, and the third one is

produced from post-consumer PET bottles representing recycled products.

Table 7.4. A list of reference insulation materials with the functional unit (in kg) necessary to

provide a thermal resistance of 1 m?K/W (R= 1).

Materials Density Thermal Weight per | Thickness | Ref.
(kg/m3) resistance f.u. (kg) (mm)
(m? K/W)
Recycled PET bottles 30 1 1.065 35.5 [26]
Stone wool (combination of 32 1 1.184 37 [12]
virgin and recycled materials)
Flax 30 1 1.26 42 [12]

7.4. Results and Discussions

7.4.1. Impact assessment

The cradle to gate LCA results of selective environmental impacts and their normalized relative
percentage of insulation panels N1, N2, and N3 are shown in table 7.5, 7.6, and 7.7 and figure 7.3,
7.4, and 7.5 respectively. From the data, it is clear that the overall environmental impacts of all
selected categories to produce insulation panels-N1 and N2 is very low. However, insulation panel
N3 has comparatively higher environmental impacts.

For N1 insulation panel (table 7.5 and figure 7.3), it was found that the fiber web formation
process has the highest environmental impacts, as this process requires the most energy in terms
of electricity compared to other processes. After the fiber web formation process, collection of
waste textiles have high environmental effect, especially in the categories of ecotoxicity and smog
as diesel is used for transportation. Shredding process has the highest environmental effect in the

category of ozone depletion as huge amount of waste is produced during this process.
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Table 7.5. Impact assessment to produce 1 f.u. (0.67 kg) thermal insulation panels (N1) from waste

textiles (100% recycled cotton).

Impact Unit Waste textiles | Shredding Fiber web Needle Thermal insulation
category collections formation punching panels (N1)
GW Kg CO2eq 0.0189 0.0262 0.0995 0.0082 0.1527
Ad H* moles eq 0.0062 0.0032 0.0371 0.0035 0.0500
Cr Kg benzen eq 6.14 x 10 3.96 x 106 4,73 x 10° 4.50 x 106 6.19 x 10
NC Kg toluen eq 0.1294 0.0257 0.3266 0.0314 0.5147
RE Kg PM2.5 eq 7.15 x 106 1.19 x 10 1.49 x 10 1.43 x 10 1.83 x 10*
Eu Kg N eq 5.96 x 106 5.94 x 106 1.29 x 105 8.61 x 107 2.57 x 10
oD Kg CFC-11eq 7.08 x 1013 7.50 x 1011 6.90 x 1011 1.40 x 1012 1.46 x 1010
Ec Kg2,4-Deq 0.0036 4.80 x 10 0.0062 0.0006 0.0109
Sm g NOx eq 1.29 x 103 2.39 x 10 1.7 x 10 1.51 x 10 3.34x 10*
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Figure 7.3. Relative comparison of environmental impacts analysis of different processes to

produce thermal insulation panel -N1 (normalized to 100%).
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The major environmental impacts of insulation N1 are almost related to energy consumption,
which is required for operating machinery during production. About 64.7% of GWP is associated
with the electricity mix (supplementary figure 7.1). As expected, electricity from bituminous coal
and natural gas contributes 26.3% and 36% respectively of total global warming, as 20.80% and
44.32% of electricity in the US comes from coal plants and natural gas respectively. On the other
hand, electricity from wind, water, and solar plants do not have any significant contribution to
global warming. Hence, by reducing coal power plants and increasing renewable power plants,
global warming potential could be further reduced.

For N2 insulation panel (table 7.6 and figure 7.4), it was found that the major contribution to
the environmental categories comes from PLA fiber productions (about 67% for GWP). Although
PLA fiber is produced from natural corn source, which is renewable, but use of fertilizer and
energy during corn production, chemical to convert corn to PLA pellets, and energy to convert
PLA pellets to PLA fibers, combinedly have huge environmental effect. Apart from PLA fiber
production, fiber web formation process also has high environmental effect. Shredding process has
the highest environmental effect in the category of ozone depletion as huge amount of waste is

produced during this process.
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Table 7.6. Impact assessment to produce 1 f.u. (0.80 kg) thermal insulation panels (N2) from waste
textiles (90% cotton/ 10% PLA).

Impact Unit Waste textiles | Shredding PLA fiber Fiber web Needle Heat setting | Thermal
category collections formation punching insulation
panels (N2)
GW Kg CO; eq 0.0201 0.0274 0.3922 0.1062 0.0098 0.0298 0.5840
Ad H* moles eq 0.0066 0.0034 0.0693 0.0395 0.0042 0.0129 0.1363
Cr Kg benzeneq | 6.55 x 10 7.07 x 10 3.15x 10 5.04 x 10 541x10% | 1.64x10° | 1.14x10*
NC Kg toluen eq 0.1383 0.0275 0.2261 0.3492 0.0375 0.1142 0.8931
RE Kg PM2.5eq 7.61 x 10 1.28 x 10 1.37 x 10* 1.59 x 10* 1.72x10° | 521x10° | 3.87 x10*
Eu Kg N eq 6.36 x 10°® 6.21 x 10 5.30 x 10* 1.37 x 10° 1.03x10% | 3.12x10° | 558 x10*
oD Kg CFC-1leq | 7.56 x 10%® 7.73 x 10 9.62 x 102 7.39 x 10 1.67 x10"2 | 507 x 102 | 1.69 x 100
Ec Kg 2,4-Deq 0.0038 5.07 x 10* 0.0044 0.0066 7.13x10* | 0.0022 0.0183
Sm g NOx eq 1.32 x10* 251 x10% 0.0097 1.80 x 10* 1.81x10% | 550x10° | 0.0100
100 g 8o
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X 50 94.6 5.7 95.9
40 67.
24.2
20 50.9 25.3
27.5 35.4
20
31
10
47 ™
Global Acidification Carcinogenics Non Respiratory Eutrophication ~ Ozone Ecotoxicity Smog
warming carcinogenics effects depletion

W Waste textiles collection ® Shredding

PLA fiber M Fiber web formation M Needle punching B Heat setting

Figure 7.4. Relative comparison of environmental impacts analysis of different processes to
produce thermal insulation panel -N2 (normalized to 100%).
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In contrast to insulation panels N1 and N2, the overall environmental impacts of insulation
panel N3 are very high (table 7.7 and figure 7.5). The comparative environmental impacts of N3
insulation material at different stages are very much similar to that of N2 panels, i.e., PLA fibers
contribute (about 72.3% GWP) most of the environmental impacts followed by fiber web
formation and shredding. This is even higher than the contribution of PLA in N2, as the percentage
of PLA fibers is higher (15% PLA in N3, compared to 10% in N2).

Table 7.7. Impact assessment to produce 1 f.u. (6.92 kg) thermal insulation panels (N3) from waste
textiles (42.5% cotton/ 42.5% Nylon/ 15% PLA).

Impact Unit Waste Shredding PLA fiber Fiber web Needle Heat and Thermal

category textiles formation punching press insulation
collections panels (N3)

GW Kg CO, eq 0.1656 0.2309 5.1267 0.8728 0.0851 0.6100 7.0873

Ad H* moles eq 0.0548 0.0282 0.9063 0.3253 0.03689 0.2643 1.6121

Cr Kg benzeneq | 5.39 x 10° 3.49 x 10° 411 x10* 4.14 x 10* 471x10° | 3.37x10* | 0.0013

NC Kg toluen eq 1.1372 0.2266 2.9627 2.8756 0.3282 2.3528 9.8758

RE Kg PM2.5 eq 6.27 x 10° 1.05 x 10* 0.0018 0.0013 150 x10* | 0.0011 0.0045

Eu Kg Neq 5.23 x 10 5.24 x 10 0.0069 1.13x10* 8.98x10° | 6.43x10° | 0.0072

oD Kg CFC-11eq | 6.22 x 10°%? 6.58 x 1010 1.26 x 10 6.07 x 101° 1.45x 101 | 1.04x 10" | 1.51x10%

Ec Kg2,4-Deq 0.0315 0.0042 0.0578 0.0545 0.0062 0.0446 0.1990

Sm g NOx eq 0.0011 2.10 x 10* 0.1262 0.0015 157 x 10* 0.0011 0.1303
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Figure 7.5. Relative comparison of environmental impacts analysis of different processes to
produce thermal insulation panel - N3 (normalized to 100%).

From comparative impact analysis of thermal insulation panels (figure 7.6), it was found that
in all types of selected impact categories, insulation panel N3 has much higher impacts than N1
and N2. In case of GWP, N3 has >40 times higher than N1 and >10 times higher than N2 insulation
panel.

In comparison to N1 and N2 insulation panel, N1 has lower environmental impacts in all
impact categories. In case of GWP, N1 has 3.8 times lower impact compared to N2. As it is already

discussed, use of PLA fibers with sample N2 contributes to high environmental impacts.
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Figure 7.6. Relative comparison of impact assessment of insulation panels N1, N2, and N3 after
normalizing highest impacts of each category to 100%.

The higher environmental impacts of N3 are very much expected as 6.92 kg materials are
required to produce 1 f.u. insulation panels, which is more than 8 times higher in weight compared
to N1 and N2. Insulation panel N3 was prepared applying high pressure for consolidation, which
increases density; as a result, more weight of insulation material is required for one f.u. Thus, high
amount of waste textiles and PLA fibers are required, which result in high environmental impacts.
In order to reduce the environmental impacts, production process has to be slightly modified.
Preparation process of N3 has to be similar to the preparation process of N2, i.e., avoiding the
process of applying high pressure after heat setting as high pressure increases the density and

thermal conductivity resulting in very high amount of materials in kg per f.u.
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PLA fibers have also higher contribution on the environmental impacts of insulation panel N2
and N3. By using natural fertilizer and developing eco-friendly technology for conversion of corn
to PLA fiber, overall environmental impacts could be minimized. More research is necessary to
increase the production of PLA pellet and fiber by reducing chemicals and energy. Using recycled
thermoplastic fibers instead of virgin PLA could improve the overall impacts a lot.

Among 9 different impact categories (supplementary table 7.3), the major source of global
warming, acidification, and ecotoxicity comes from the emission of fossil fuels that have been
used as energy sources and for production of the US electricity mix, especially with coal power
plants. Among these three impacts, the effect of ecotoxicity is very low. Acidification also comes
from the production of corn.

The carcinogenic effect of producing thermal insulation is very less (almost negligible
amounts), and most of this comes from power generation and transportation. Noncarcinogenics,
mostly coming from power generation and transportation are reported in kg of equivalent toluene.

Besides carcinogenic and noncarcinogenic health risks, there are some respiratory effects
during the production of insulation materials. Respiratory effect mainly comes from dust produced
during recycling, burning fuel, and chemical reactions during PLA formation.

The eutrophication effect of sample N1 is negligible, but samples N2 and N3 have some
eutrophication effect, which mainly comes from PLA fiber due to using fertilizer during corn
production.

Negligible amount of ozone depletion effects and smog formation occur during production of
insulation materials. Impact of ozone depletion mainly comes from waste produced during the
shredding process. When waste degrades, methane gas is produced that can lead to ozone

depletion. Whereas smog formation mainly occurs during PLA pellet formation and transportation.
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7.4.2. Sensitivity analysis

Changing of final environmental impacts of insulation materials with the change of 20% key input
parameters (transportation distance, amount of PLA fiber, and electricity consumption) have been
presented in the figure 7.7 and figure 7.8. The effect of changing each parameter on the final results
has been investigated individually while keeping the other parameters at the base-case value.

In case of Insulation panel N1(figure 7.7), the variation (£20%) of electricity has highest
impacts on respiratory effect, whereas variation (+ 20 %) of transport distance has highest impacts
on smog. It was also revealed that about (+12.97%) and (% 2.43%) changes in global warming
could have occurred on the final impact with variation (+20%) of electricity consumption and

transport distance, respectively.

m20% less electricity = 20% more electricity m20% less transport distance m 20% more transport distance
-20% -10% 0% 10% 20% 8% 6%  -4% 2% 0% 2% 4% 6% 8%
133 I N 173 GW (g CO2eq 149 I . 156
0.04 I P <o | Ad (H+ moles eq 0.049 EEEE—_— 0,052
0.05 I__O.073 Cr (g benzen eq 0.06 1 I 0.063
0.43¢ I N .59 | NC (kg toluen eq 0.483 I — 37
O.IélS__MIS RE (g PM2.5 eq 0.181 MMM 0.184
0.024 I 0.028 Eu(gNeq 0.025 I T 0.027
1.43 x 107 I 1.50 x 107 OD (g CFC-11 eq 1
9.43 I N 12.32 Ec (g2.4-Deq) 10.15 I e [ .58
0.297 I I .37 | Sm (mg NOx eq 0‘309__0.359

Figure 7.7. Sensitivity analysis of selected environmental impacts for 20% less and 20% more
electricity consumption and transport distance during the production of thermal insulation panels
N1 (solid color represent percentage changes and actual value is written at the end).

In case of Insulation panel N2 (figure 7.8), the variation (+ 20 %) of electricity has the highest
impact on carcinogenic, whereas variation (+20%) of PLA has the highest impact on smog and
eutrophication. It was also revealed that change in global warming is very high on the final impact

of insulation panel N2. However, the increase and decrease of impacts are not consistent. The 20%

increase in the consumption of electricity increase the emission of global warming by 6.86%
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(0.624 kg CO2 eq), while 20% decrease in the consumption of electricity reduced the net emission
of global warming by 6.37% (0.547 kg CO- eq). Similarly, 20 % increase in the production of PLA
fiber lowered the emission of global warming by 9.31% (0.53 kg CO2 eq) while 20% decrease in

the production of PLA fiber improved the net emission of global warming by 14.71% (0.70 kg

u20% less electricity » 20% more electricity 20% more PLA 5 20% less PLA m20% less transport distance #20% more transport distance
20% -15% -10% -5% 0% 5% 10%  15%  20% | -20% -13% -10%  -8% 0% 5% 0% 18%  20%  25% | 5% 3% -1% 1%
GW (kg CO2 eq 0.547 I . 0.624 0.5 I L W70 11,581 0590
Ad (H+ moles cq 0.119 0.153 0,129 I (|47 0.135 I 0.138
Cr (g benzen eq UF‘JZ o = n H‘S 0115 I— . 0.116
NC (kg toluen eq o 144_1 11.04 0.865 I » - 0922
RE (g PM2.5 ¢ = ——— =] 0.378 I 0.395 0.3 —
® N 0318 0452
Eu(gNeq 0.555 IM0.564 0472 U&L‘l I 0.561
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Figure 7.8. Sensitivity analysis of selected environmental impacts for 20% less and 20% more
electricity consumption, amount of PLA fiber, and transport distance during the production of
thermal insulation panels N2 (solid color represent percentage changes and actual value is written
at the end).

In case of Insulation panel N3, the variation of final environmental impacts with the variation
of (20 %) of input parameters (transportation distance, amount of PLA fiber, and electricity
consumption) (supplementary figure 7.4, 7.5, and 7.6) are almost similar to that of insulation panel
N2.

7.4.3 Comparison with several other insulation panels

The comparative environmental impacts per f.u. of different thermal insulation materials have been

reported in table 7.8.
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Table 7.8. Comparative impact assessment for the production of 1 f.u. of different insulation
materials.

Impact Unit Insulation Insulation Insulation Recycled Flax Stone wool
category panel-N1 panel-N2 panel-N3 PET

GW Kg COz eq 0.1527 0.5840 7.0873 1.8 2.43 1.69

Ad H* moles eq 0.0500 0.1363 1.6121 0.33 0.941 0.659

Cr Kg benzen eq 6.19x10° | 1.14 x 10* 0.0013 5.49 x 106 0.0217 0.00939
NC Kg toluen eq 0.5147 0.8931 9.8758 0.116 699 305

RE Kg PM2.5 eq 1.83x10* | 3.87 x 10* 0.0045 1.54 x 10 5.63 x 10 1.28 x 10
Eu Kg N eq 2.57x10% | 558 x10% 0.0072 5.33 x 106 1,53 x 10 7.74 x 104
oD Kg CFC-11eq | 1.46x 100 | 1.69 x 1010 1.51 x 10°° 2.05 x 107 2.28 x 10°° 1.82 x 1010
Ec Kg 2,4-Deq 0.0109 0.0183 0.1990 0.00322 4.98 211

Sm g NOx eq 3.34x10* | 10.0 x 10° 0.1303 3.07 x 103 9.17 x 10’3 4.88 x 1073

From the comparative data, it is evident that the insulation panel N3 has comparatively higher
environmental impacts. Thus, in the following LCA analysis, the result of insulation panel N3 has
been avoided.

The normalized impact values of other five insulation materials are presented in figure 7.9,
where the maximum value of each impact category is referred to as 100% relative scale. The
impacts of five insulation materials are also ranked from 1 to 5 in table 7.9, where 1 means
comparatively best and 5 means comparative worst environmental impacts. All five insulation
materials have very low environmental impacts as the insulation materials are produced from
recycled PET bottles, natural flax, and commercially used stone wool, which are produced by
combination of natural minerals and recycled post-production waste materials. Among these,
insulation materials produced from 100% recycled cotton (N1) has the overall lowest
environmental impacts and could be considered the best environmental-friendly material. The
global warming and acidification impact of insulation panel N1 is about eleven times lower than

stone wool and sixteen times lower than natural flax. Ozone depletion impact is completely

198



negligible for all insulation materials (table 7.8). Compared to flax and stone wool, impacts of N1
and N2 are completely negligible in the category of carcinogenic, noncarcinogenic, and
ecotoxicity. There is a comparatively higher impact of N1 and N2 on the category of respiratory
effects compared to stone wool. However, its total value (1.83 x 10* Kg PM2.5 eq for N1 and
3.87x10* Kg PM2.5 eq for N2) is very low. The respiratory effect may come from dust produced
during recycling, burning fuel during electricity production from coal and gas. N2 insulation panel
has also comparatively higher impact on the category of smog formation which mainly occurs
during PLA pellet formation.

Surprisingly, among five insulation materials, flax has the most adverse environmental effect,
even higher than synthetic stone wool, although flax is considered a renewable natural material.
This is due to the use of artificial fertilizers during cultivation of flax. During the production of
fertilizers, N2O is emitted, which contributes to high global warming and acidification. On the
other hand, stone wool has relatively lower environmental impact after N1 and N2. Melting of
stone wool requires very high temperature, and high energy or fossil fuel is required, but
interestingly its environmental impacts are not so high. This may be due to the use of recycled
materials along with virgin stone wool. In addition to that, as stone wool is a commercialized
product, its production process is highly developed for many years with maximum production

efficiency, which contributes to overall low environmental impacts.
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Figure 7.9. Normalized impact factors for 1 f.u. of different insulating materials.

Table 7.9. Ranking of the five insulation panels with respect to selected environmental impacts
(1 =Dbest, 5=worst).

Impact category Unit Waste Waste Recycled Flax Stone wool
textiles-N1 | textiles-N2 | PET bottle
Global warming Kg COz eq 1 2 4 5 3
Acidification H* moles eq 1 2 3 5 4
Carcinogenics Kg benzeneq | 2 3 1 5 4
Non carcinogenics Kg toluen eq 2 3 1 5 4
Respiratory effects Kg PM2.5 eq 2 3 5 4 1
Eutrophication Kg N eq 2 3 1 5 4
Ozone depletion KgCFC-11eq | 1 2 5 4 3
Ecotoxicity Kg 2,4-D eq 2 3 1 5 4
Smog g NOx eq 1 5 2 4 3
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Insulation materials produced from textile wastes, either from natural or recycled sources, are
still in initial developmental stages. The processing techniques often lack optimization compared
to the production process of conventional synthetic materials [29]. Hence, further research for
optimization in production process, and developing appropriate technology will improve the
sustainability of insulation materials from recycled or natural sources.

7.5. Summary

In this study, sustainable thermal insulation materials were produced from recycled textiles. Three
different insulation materials, N1, N2, and N3, were produced by varying composition,
temperature, and pressure. A cradle to gate LCA analysis was conducted to estimate the
environmental impacts of produced thermal insulation materials.

Results showed that the produced materials have very good thermal insulation properties. LCA
study revealed that N1 and N2 insulation panels have very low environmental impacts of all the
selected categories, and therefore could be considered as eco-friendly products.

Insulation panel N1 has comparatively lower environmental impacts, most of which come from
the US electricity mix (64.7%). In USA, still, 20.8% and 44.32% of electricity come from coal and
natural gas (supplementary table 7.2) resulting in higher impacts from electricity mix.
Environmental impacts will be much less when coal and gas-based electricity are replaced by solar
or wind-based electricity. Compared to N1, insulation panel N2 has slightly higher (3.8 times
higher global warming) environmental impacts, most of which (67%) comes from PLA fibers.
Although PLA comes from natural corn, fertilizer and energy used during corn cultivation and
chemicals used during conversion of corn to PLA adversely affect the environment.

Despite much of environmental effects come from PLA fibers in N2 and N3, still its’

environmental impacts are much less than glue which had been previously used as a binder for
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producing insulation panels [30]. Replacing virgin PLA fibers with recycled PLA or other low
melting thermoplastic recycled fibers will further reduce environmental impacts. In case of using
recycled PLA fiber instead of virgin one, the environmental effect of global warming would reduce
by 67% for N2 and 72% for N3. Another way to further reduce the environmental effects is to
minimize the amount of solid waste produced in several processes.

In contrast to N1 and N2, insulation panel N3 has higher environmental impacts in all
categories. Heat and pressure during manufacturing cause high density and higher thermal
conductivity of N3 resulting in higher weight (kg) and environmental impacts per f.u.
Environmental impacts of N3 can be reduced a lot by slightly modifying the manufacturing
process, i.e., avoiding high pressure after heat setting which will reduce density and thermal
conductivity.

Sensitivity analysis also revealed that the US electricity mix and PLA fibers are the most
important input parameters that influence the overall environmental impacts. LCA results of
produced insulation materials from waste textiles were also compared with three other insulation
materials (stone wool, recycled PET bottle, and flax). Among these, N1 has overall very low
environmental impacts. The global warming potential (GWP) of recycled PET bottle, flax and
stone wool is more than ten times higher than that of the GWP of N1.

The LCA study exposed a clear insight into the environmental impacts of several stages of
production process, which may be helpful to optimize or modify the processes and produce an eco-
friendlier thermal insulation material. However, there are some limitations related to the present
study, as well. This study is a cradle to gate analysis. In future, cradle to grave analysis will be
more interesting. Checking of use phase and disposal will give additional environmental insight.

It will be interesting to see from future studies how much environmental benefits can be obtained
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throughout the entire use phase of such thermal insulation materials. Future research can also focus

on the cost and social aspects of life cycle sustainability.
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Supplementary Document

Supplementary table 7.1: Input parameters for 1000 kg PLA fiber production.

Value Unit Ref.
Corn production [22], [24]
- Nitrogen (as N) 6.68 kg
- Phosphorous (as P205) 3.72 kg
- Potassium (as K20) 4.90 kg
- Electricity (US) 8.85 kWh
PLA pellet production [23]
- Transport 202.94 tkm
- enzymes (a-amylase) 10.24 kg
- Lacto baccili 11.49 Culture volume%
- D-glucose 115.63 kg/L
- Water 34.8 kL
- yeast extract 5.04 kg/L
- Tween®80 0.50 kg/L
- KoHPO, 1.00 kg/L
- MgSO4 100.8 g/L
- MnSO4 25.2 g/L
- ammonium citrate 3.02 ka/L
- CaCOs 76.61 kg/L
- H2804 85.68 kg/L
- Alamine 336 705.60 wit%
- methyl isobutyl ketone 131.04 wit%
- keroses 201.60 wit%
- Irganox 2.52 wit%
- Electricity (polymerization) 6249.60 MJ
- Electricity (waste water treatment) 1108.80 kWh
- Fossil fuels 13557.60 MJ
PLA fiber production [25]
- Electricity mix 1098.72 kWh
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Supplementary table 7.2. USA electricity mix (2020) [31].

Fuel type Capacity (MW) Share %
Natural gas 533,742.80 44.32
Coal 250,436.47 20.80
Nuclear 106,330.64 8.83
Wind 103,775.38 8.62
Hydro 100.799.42 8.37
Solar 41,888.08 3.46
Distillate fuel oil 22,476.86 1.87
Residual fuel oil 15,261.80 1.27
Others 29.625.63 2.46

Supplementary table 7.3. Selected environmental impact categories.

Impact category Benchmark unit
Global warming (GW) Kg CO2 eq
Acidification (Ad) H* moles eq

Carcinogenics (Cr)

Kg benzen eq

Non carcinogenics (NC) Kg toluen eq
Respiratory effects (RE) Kg PM2.5 eq
Eutrophication (Eu) Kg N eq
Ozone depletion (OD) Kg CFC-11¢eq
Ecotoxicity (Ec) Kg 2,4-D eq
Smog formation (Sm) g NOx eq
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0.67 kg
Insulation panel -
N1

100%

0.81 kg 0.79 kg 0.68 kg 0.671 kg
Waste textiles Shredding Fiber web formation Needle punching
collection
12.4% 17.2% 65.1% 5.34%
0.207 tkm 0.046 kg 0.622 MJ
Transport, Landfill to textiles Electricity Mix,
combination truck, EU-27 USA, 2020
average fuel
12.6% 22.9% 64.7%
[
0.207 tkm 0.277 MJ 0.136 MJ
Transport, Electricity, natural Electricity,
combination truck, gas, at power bituminous coal, at
diesel powered/US plant/US power plant/US
12.7% 36.0% 26.3%
0.0245 m3
Natural gas,
processed at
plant/US
6.12%

Supplementary figure 7.1. Network of the involved processes and the relating global warming
potential percentage evaluated for 1 f.u. (0.67 kg) of thermal insulation panel -N1.
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0.80 kg
Insulation panel —
N2

100%

combination truck,
diesel powered/US
| 3.85%

0.8392 kg 0.0804 kg 0.8038 kg 0.7958 kg
Shredding PLA fiber Fiber web Heat setting
formation
| 4.67% 67.0% 18.1% | 5.07%
r
0.0484 kg 0.0804 kg 1.2085 MJ
Landfill of textiles PLA (transpart & Electricity Mix,
EU-27 electricity) USA, 2020
8.28% 9.82% 32.8%
L
0.2428 tkm 0.5384 MJ 0.2623 MJ
Transport, Electricity, natural Electricity,
combination truck, gas, at pawer bituminous coal, at
average fuel mix/US plant/Us power plant/US
3.85% 18.2% 13.3%
0.2428 tkm
Transport,

Supplementary figure 7.2. Network of the involved processes and the relating global warming
potential percentage, evaluated for 1 f.u. (0.80 kg) of thermal insulation panel -N2.
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6.92 kg
Insulatlon panel
100%

6.895 kg 1.05 kg 6.992 kg 6.923 kg
Shredding PLA fiber Fiber web Heat and press
formation
3.25% 72.3% 12.3% 8.6%
A - -
0.3962 kg 1.05 kg 13.9706 MJ
Landfill of textiles PLA (transport & Electricity Mix,
EU-27 electricity) USA, 2020
4.33% 10.6% 31.3%
£6.2302 MJ 3.0207 MJ
Electricity, natural Electricity,
gas at power bituminous coal at
plant/US power plant/US
17.4% 12.6%
. "
0.5475 m3 2.17 tkm
Natural gas Transport,
processed, at combination truck,
plant/US diesel powered/US
2.95% 2.76%

Supplementary figure 7.3. Network of the involved processes and the relating global warming
potential percentage, evaluated for 1 f.u. (6.92 kg) of thermal insulation panel -N3.
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Supplementary figure 7.4. Sensitivity analysis of selected environmental impacts for 20% less and
20% more electricity consumption during the production of thermal insulation panels N3 (solid
color represent percentage changes and actual value is written at the end).

m With 20% more PLA = With 20% less PLA
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Supplementary figure 7.5. Sensitivity analysis of selected environmental impacts for 20% more
and 20% less PLA fiber production for the thermal insulation panels N3 (solid color represent
percentage changes and actual value is written at the end).

212



m With 20% less transport distance ~ ® With 20% more transport distance
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Supplementary figure 7.6. Sensitivity analysis of selected environmental impacts for 20% less and
20% more transport distance during the production of thermal insulation panels N3 (solid color
represent percentage changes and actual value is written at the end).
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CHAPTER 8
Conclusions and Recommendations
8.1. Overall Summary
In this study, a thorough investigation was conducted to understand the potential of recycled
textiles to be used as environmentally friendly insulation materials. Study was also conducted to
understand the process-structure-property relationship of insulation materials.

Recycled denim and Sorona®PLA binder fibers were used to produce environmentally-
friendly alternative thermal and acoustic insulation materials (chapter three). The results showed
that produced insulation materials have very good insulation properties with maximum
transmission loss of about 24 dB at around 1000 Hz and minimum thermal conductivity value of
0.049 W/mK. When compared with commercially available insulation materials, the produced
insulation materials have very good thermal insulation properties and meet the criteria of thermal
insulation property of 0.07 W/mK [1]. Obtained thermal conductivity is very much comparable to
those of the presently available synthetic thermal insulation material of mineral wool, which has
thermal conductivity of 0.040-0.045 W/mK [2]. Similarly, all the samples have very good acoustic
insulation property, with normalized insulation property being higher than that of the commercially
used gypsum board [3]. The effect of several structural parameters, including air permeability,
thickness, density, and porosity, on insulation properties was analyzed. The sound transmission
loss increases with increase in thickness and areal density but decreases with the increase of air
permeability, whereas thermal conductivity decreases with the increase of porosity and with the

decrease of density. This observation is consistent based on the mechanism of sound transmission.
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The determined relationship allows one to produce the required structure in the insulation to
achieve desired results.

Further study was conducted to understand the effect of processing parameters on the structural
parameters (thickness, density, air permeability, and porosity) and subsequently on the thermal
and acoustic insulation properties of products from recycled textiles (chapter four). A response
surface methodology (central composite design) approach showed that bonding time and
temperature have strong influence on the structure of insulation materials. With the increase of
bonding time and temperature thickness decreases, whereas density increases, air permeability
initially slightly increases and then decreases, and acoustic insulation property increases, but
thermal insulation property decreases. The acoustic and thermal insulation properties showed
opposite trends. For example, sample S8 has the highest acoustic insulation property (average TL
of 6.67 dB), but it has the lowest thermal insulation property (average TC of 0.1053 W/mK).

Insulation materials were also produced utilizing 3D printing, which has the ability to produce
materials with precise and controlled shape and structure (chapter five). The effect of structural
parameters on insulation properties was evaluated as it is assumed that the structures produced
with individual and better control over parameters would show more reliable relation compared to
nonwoven composites, which are irregular by nature. Results showed a similar effect of structural
parameters on insulation properties that we had observed with nonwoven composites, i.e., with the
increase of density and decrease of porosity, acoustic insulation property increases, but thermal
insulation property decreases. A comprehensive evaluation was also conducted to check whether
additive manufacturing, the emerging technology is suitable to produce insulation materials. Test
results revealed that insulation materials produced from 3D printing technology have better

thermal and acoustic insulation properties than commercially available synthetic insulation
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materials (gypsum board and mineral wool), with the lowest thermal conductivity of 0.037 W/mK
and highest average sound transmission loss is 28.0 dB. This indicates the potential for using 3D
printed insulation materials as a substitute for conventional insulation materials, especially when
they are produced using the right feedstock.

Also, an analytical model was proposed by combining and modifying the Maxwell-Eucken
model to predict thermal insulation properties of porous materials. The experimental data from a
systematic study showed that for both types of insulation materials (nonwoven composites from
waste textiles and 3D printed samples from PLA), experimental data agrees with the predicted data
with a percentage difference of less than 8.5%, which indicates that the accuracy of the model for
prediction is sufficient enough to be used for industrial purposes [4]. Investigation of five basic
thermal conductivity models showed that among the five basic models, only EMT and ME2
models provided some reasonable predictions for porous materials.

Environmental effects of insulation materials from recycled textiles were evaluated using life cycle
assessment (LCA) method and compared with several other insulation materials (chapter seven).
Three different insulation panels. N1 (100% recycled cotton), N2 (90% recycled cotton/10% PLA),
and N3 (42.5% recycled cotton/42.5% recycled nylon/15% PLA) were produced using textile
waste at different compositions, temperatures, and pressures. A cradle-to-gate LCA study was
conducted based on 1SO 14040/44. The result of impact assessment showed that produced
insulation materials (N1, N2) have overall very low environmental impacts compared to stone
wool, recycled PET, and natural flax. The environmental impact of produced insulation panels
from waste textiles can be reduced further by process intensification and using alternates such as

recycled PLA fibers. The LCA study exposed a clear insight into the environmental impacts of
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several stages of production process, which may be helpful to optimize or modify the processes
and produce an eco-friendlier thermal insulation material.

8.2. Recommendations for Future Work

In this study, environmentally-friendly insulation materials were successfully produced, and their
structure-property relations were thoroughly investigated. However, there are still some
limitations. For successful commercialization additional information regarding insulation
materials is required and following future studies are recommended to improve the understanding
and help the technology become a commercial reality.

1. Flammability test revealed that produced insulation materials have good flame retardance
properties. But there is a scope for improving flame retardance properties. It will be interesting if
a biodegradable and environmental-friendly chitosan and alginate coating on composite panels can
be effective as a flame retardant finish. Other affordable and environmentally safe finishes may be
investigated as well.

2. Moisture test revealed that at both standard atmosphere and high humid atmosphere, the MC
value is less than the acceptable MC value of building insulation materials. Again, produced
insulation materials are recommended for use with walls as a sandwich structure, where effect of
moisture is minimum. Still, it is recommended that the effect of moisture on insulation properties,
biological decomposition (including degradation by bacteria, mildew, and fungi), and application
of sustainable finishes to reduce the effect of moisture may be investigated.

3. The service life of insulation materials at different atmospheric conditions, as well as the effect
of some other important factors, including cleaning process, resistance against pest, dust, fungi,

and bacteria are recommended studies in future research.
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4. One of the important factors that influences commercialization is the cost and performance
benefit of the product. A thorough cost-performance evaluation should be done in future research.
5. An analytical model was proposed to predict thermal conductivity of porous insulation
materials, which gives better prediction compared to existing thermal conductivity models.
However, more experimental study is encouraged with other combination of materials and
processing conditions to determine the broader applicability of the model.

6. A study was conducted to check the applicability of PLA for producing insulation materials
using 3D printing technology. However, insulation materials produced from PLA are only suitable
for use in room temperature conditions, and not suitable for use in high-temperature conditions.
Future research may focus on improving the temperature resistance using some chemical treatment
and/or use of high temperature resistant biodegradable thermoplastic materials.

7. LCA study revealed that produced insulation materials have less adverse environmental effects.
However, there are some scopes to further reduce the environmental impacts. Most of the
environmental impacts of produced insulation materials come from the US electricity mix (64.7%
GWP for N1) and PLA fibers (67% GWP for N2). Future research on use of recycled PLA or other
low melting thermoplastic fibers as a binder is recommended. Also, in future, cradle to grave
analysis should be conducted as that will provide more environmental insight. Future research can

also focus on the cost and social aspects of life cycle sustainability.
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