ABSTRACT
PHILLIPS, JASMINE SHAMERA. Organic Rinsing of Island-in-the-sea Nylon 6/PLA
Bicomponent Fibers. (Under the direction of Dr. Ericka Ford).
Hydroentangled nonwovens of polyamide 6 (PA6) microfibers are desired for soft and
durable fabrics. Herein, the goal is to improve the efficiency of polylactic acid (PLA) removal by
rinsing it from PA6 islands-in-the-sea bicomponent nonwovens. Challenges arise with rinsing
PLA from the PA6 phase of bicomponent fibers at industrial scales. Caustic rinses leave PLA
residue on PA6, which results in poor separation of the PA6 nanofibers. A non-caustic PLA rinse
is desired to improve the dissolution of PLA during the rinse cycle.
ETAC is a superb solvent for PLA; however, the operating rinse temperature drops due to
the endotherm for PLA dissolution. Commercial implications of this work signify a reduction in
reaction endotherms, while offsetting the cost of trying to maintain a constant operating
temperature for dissolution at industrial scales. Thus, ancillary solvents were used to minimize
the endothermic heats of PLA dissolution, while increasing the rate of PLA dissolution. ‘Good’
solvent baths unary, binary, and ternary mixtures (containing ethyl acetate (ETAC), methyl ethyl
ketone (MEK), and dimethyl sulfoxide (DMSO)- all three are highly miscible solvents-) were
tested against bicomponent PA6/PLA nonwovens. Thermogravimetric analysis (TGA) was used
to quantify PLA on neat bicomponent nonwovens and those treated with promising candidates
for PLA removal on the pilot scale.
Promising solvent mixtures were tested against PLA removal using a 20:1 liquid ratio
under accelerated laundering conditions. Launderometer experiments offered a comparative
study of how the solvent compositions affected the efficacy of PLA removal from PA6 and PA6
microfiber separation during rinse cycles on the pilot scale.
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CHAPTER 1: LITERATURE REVIEW
1.1 Introduction to Nonwovens
To the general public, when textiles are mentioned, the initial thought that comes to mind
is a knit or woven fabric. Nonwoven fabric technologies emerged from textile, paper, plastic, and
leather industries. The vastness of their applications speaks to the highly impactful and
innovative nature of the nonwovens industry. Nonwovens are neither woven or knitted, but
rather these fabrics comprise randomly laid fiber, which assemble into a mat or web, and are
subsequently bonded together mechanically, thermally, chemically using a binder, or by solvent
treatment.1 Nonwovens are highly engineered fabrics that are manufactured from natural fibers,
synthetic or polymers regenerated from natural resources. The combination of the
aforementioned fibers is also prevalent for nonwoven formation. Examples of bio-based fibers
are wool, rayon or cotton; synthetic fibers include semi-rigid polyesters, nylons, and olefins
(such as polypropylene (PP) and polyethylene (PE)).
The nonwovens industry first appeared in the United States in the 1930’s. Since then, US
manufacturers have been skillful in the production of innovative nonwovens along with Japan
and Europe producers. In the early years, it was difficult to implement nonwovens in
applications; however, new technological developments have delivered nonwovens that can meet
the demands for long-term durability.1 The growth within the nonwoven industry can be
attributed to the replacement of conventional woven and knitted textiles with nonwoven fabrics
over a broad range of applications, as well as changes in environmental regulations, medical and
hygiene standards, levels of disposable income, and the development of new applications.
Nonwovens are cost-effective, lightweight materials and the diversity of their properties
gives nonwovens an economic advantage. Even so, these nonwovens fabrics are employed in a
wide range of commercial products for industry or consumer goods. Consumers of nonwoven
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and textile fabrics are interested in products that provide optimal value, aesthetics, long or shortterm durability, and meet performance criteria for moisture absorption, leak prevention and
personal protection. Industries using nonwovens include the fashion, medical, automotive,
environmental and agricultural, aerospace, electrical and many other industries (see Figure 1.1).
These materials are used alone or as hybrids in conjunction with other materials. Example end
uses for nonwoven products include disinfectant wipes, disposable diapers, and filtration
devices; more are shown in Table 1.1.

Figure 1.1: Areas of Application for Nonwovens
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Table 1.1: Properties of Nonwovens1

Nonwovens are attractive materials for mass production, as they are manufactured rapidly
on large scales while delivering desirable performance properties. The end-uses of nonwoven
fabrics are influenced by materials composition (e.g. fiber-type) and manufacturing technique for
web formation, bonding, and fabrics finishing. These technologies for nonwoven manufacturing
are described in Figure 1.2. In recent years, the most common systems utilized in the U.S.
nonwoven industry are spunbonding, meltblowing, and needle-punching.

Figure 1.2: International Consumption of Nonwoven Fabrics2
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The pie chart pictured in figure 1.2 above demonstrates the demand for nonwoven fabrics
internationally. Here we see that nonwoven fabrics are of high demand in China, North America,
and Europe. These countries of most consumption are also historically the top producers of
nonwoven fabrics.

Figure 1.3: Nonwoven Process of Manufacturing3
The three major production stages for nonwoven formation occurs in three stages: web
formation, web bonding, and lastly finishing treatment. Technology today can achieve the
overlapping of stages as well as complete several steps at the same place at the same time. The
differences between the processes is that may influence choice is density, softness, versatility,
operating costs, and capital investment.3
1.1.1 Web formation
The beginning stage of nonwoven production is the arrangement of fibers into a web.
Raw materials for web formation either come in the form of staple fiber bales or as continuous
filaments of polymer extruded from molten granules of resin.3 Drylaid, wetlaid, or polymer-laid
methods are typically used for web formation. During web formation, single or multicomponent
fibers can be used. Single component fibers are composed of the same material throughout its
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geometry. Multicomponent fibers encompass more than one material; each component has a
separate geometry.
Detailed descriptions of the drylaid, wetlaid, and polymer-laid methods for web
formation are as follows.
1.1.2 Drylaid
Drylaid fibers originated from the formation of traditional apparel textile fibers; wherein
cut staple fibers are spun into yarn. This process is done by a carded web forming process where
stale fibers are separated prior to being aligned with drums with teeth attached. In this drylaid
web forming process, fibers are laid batts via either carding or aerodynamically by a process
called air-laid.4 When the airlaid process is used, air is used as the dispersing medium by which
the fibers are transferred to form a web.4 The fibrous webs are cross-lapped prior to bonding by
means of mechanical/stitch-bonding, hydroentanglement, thermal bonding or chemical bonding.
1.1.3 Wetlaid
Wetlaid materials originated from the papermaking industry. In the case of wetlaid
nonwoven fabrics, short fibers are manipulated within liquid suspensions, hence the term
wetlaid. EDNA standards are used to differentiate wetlaid nonwovens from wetlaid papers; for
instance, the material compositions of nonwovens comprise more than 50% by mass of fibers
having a L/D (length to diameter) ratio larger than 300%.4 This wetlaid process is quite
expensive and for that reason only utilized by a small number of companies. The large amount of
water used for this process makes it expensive.
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1.1.4 Polymer-Laid
Polymer-laid or spunmelt nonwovens are processed by the following techniques, which
include the spunbond (i.e. spunlaid), meltblowing, flash-spun, and aperture film method. Layered
composites of fabrics prepared by these techniques lead to new innovations in polymer-laid
materials. Polymer-laid nonwovens are manufactured with machinery developed for melt
extrusion and thermoplastic resins.4 In this system, sheets of synthetic filaments are extruded
from molten polymer onto a moving conveyor belt as a randomly oriented web fashioned in a
continuous polymer-to-fabric operation.4
1.1.5 Bonding Processes
The next step after web formation is bonding, which is needed to tighten and strengthen
the web from its unbonded form. This step greatly affects the final look of the nonwoven
material. The web bonding step can either be chemical, solvent, adhesive, mechanical, or
thermal. Chemical and adhesive bonding is widely used, as they give way for better design of
nonwovens for end use. For chemical and adhesive bonding, a liquid-bonding agent is applied to
the web from one of the following types: acrylate polymers and copolymers, styrene-butadiene
copolymers, and vinyl acetate ethylene copolymers.4 Chemical bonding can often give rigid
products but have high tensile strength and chemical resistance.
Mechanical bonding by needling and hydroentangling can give soft, drapeable materials.
Web strength is imparted through inter-fiber friction and the physical entanglement of fibers.
Needlepunching is the dominant method for the staple fiber bonding of a wide range of fibers,
wherein the needles are designed to specifically push and pull through the web formed to
entangle the fibers.4 This technique is desirable when looking to combine webs of different
properties, which is difficult to do with other processes. Hydroentanglement is commonly used
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for carded webs where water jets are projected at a high pressure to intertwine fibers in the web
together.4 Thermal bonding can give soft and flexible products. Synthetic fibers spun from
thermoplastic resin bonded through controlled heating.
1.1.6 Finishing of Nonwovens
The final step of processing involves the finishing step. In this step, it is possible to
achieve specific properties based on the after-treatment. This step allows the modification,
addition, or tuning of the existing properties of the nonwoven fabric. The various types of
finishing can involve the addition of flame retardants, chemical treatment, dyeing, coating,
lamination and printing.
1.2 Extrusion Spinning
1.2.1 Spunbonding Process
In the spunbonding process, a single spinning technique such as melt, dry or wet is
utilized. This method is based on conventional filament fiber spinning, where melt spinning is
the most commonly used technique due to the ease of processing and desirable economics. 5 A
spunbond line typically houses: a filament forming extruder, metering pump, die assembly, a
filament spinning, drawing and deposition system, a filament collecting belt, bonding zone, and
lastly a winding unit5.

Figure 1.4: Production Stages of Spunbond Fabrics
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Figure 1.4 above demonstrates the process flow of the spunbonding process based on
melt spinning. When producing spunbonded fabric, one is able to control four integrated
simultaneous operations: filament extrusion, drawing, lay down, and bonding.6 One thing that is
consistent in all integrated and continuous spunbonding processes is that the beginning step
involves a polymer resin and results in a finished fabric.7

Figure 1.5: Apparatus for Spunbond Nonwoven Manufacturing8
In Figure 1.5 above, the process of manufacturing nonwoven webs from thermoplastics
are shown in the spunmelt technique. In this process, the polymer granules are first extruded into
filament through spinnerets. The filaments are then extended and quenched in a continuous
fashion before collection on a conveyor belt to form a uniform web. The spunlaid process
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provides nonwovens with increased strength in comparison to carding, due to the reduction of
the filament ends. It is to be noted that the choice of raw materials is more restricted for this
process. Here, co-extrusion of two components leads to bicomponent fibers, which can add more
properties to the web. Spunbonded is the term used for a thermally bonded spunlaid webs. 9
1.2.2 Resins for Spunbonding
For the spunbonding process, the resins typically used are polymers that are of a higher
molecular weight and have large molecular weight distribution to form stable webs, such as
polyester, polyamide, or polypropylene. Polyesters such as PLA are widely used in commercial
spunbond materials and can offer many advantages in comparison to the commonly used
polypropylene, such as its tensile strength, modulus, and heat stability.9 However, the polyester
fragments in this process are not easily recycled.
Spunbond fabrics can also be made from nylons (nylon-6 or PA-6 and nylon-6,6 or
PA6,6). Nylon tends to be more expensive than polyester and polypropylene due to the energy
required in the spunbonding process. A unique property of nylon is its ability to easily absorb
water through hydrogen bonding between the amide group present in the structure and water
molecules. 9
Bicomponent filaments typically have a single component with a lower melting point and
can act as a sheathing cover to the other component having a higher melting point core.
Bicomponent fibers are known to offer useful properties, however the high cost of the resins
makes the need for the properties to be excellent to counter the cost, while being applicable to a
wide range of product applications.

9

1.3 Nylon 6
Nylon 6 (polyamide 6, polycaprolactam) is a semicrystalline polyamide with superior
strength, stiffness, surface finish, and a chemical resistance to hydrocarbons. Nylon is very
versatile, making it a widely used polymer used in the engineering of thermoplastics. There are a
number of nylons that are commercially available, such as nylon 6, nylon 4,6, nylon 6,6, and
more. In the nomenclature, the number for nylon is derived from the number of carbon atoms in
the diamine and dibasic acid monomers used to manufacture it. The ratio of carbon atoms is what
gives each nylon type its unique property characteristics.9

Figure 1.6: Synthesis of Nylon 610
In Figure 1.6 above, it is shown that nylon 6 is a polyamide condensation polymer, which
is a classification for macromolecules that comprise of structural units that are interlined by an
amide or peptide linkage (NH-CO), which is the means of classification. This linear polymer
contains 6 carbon atoms in its backbone polymer unit. The limitation of Nylon 6 however is its
high moisture absorption and poor chemical resistance to strong acids and bases.
1.3.1 Nylon 6 Resins
Nylon 6 is a noteworthy raw material commonly used in the engineered resin industry.
Nylon 6 is known to have abrasive performance, quality slip, and superb thermal properties.
Nylon 6 also has a superior impact strength, making it suitable to make composites for a wide
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range of applications such as in engines and electronics. Raw materials can be from different
grades, where textile grades tend to have a lower viscosity than those of technical fibers or films.
1.3.2 Mechanical Properties of Nylon 6
Nylon 6 is a very strong and abrasion resistant material and appears to have a better
surface and processability than nylon 6,6. In addition, because nylon 6 is less crystalline than
nylon 6,6 meaning nylon 6 can be molded at a lower temperature. However, nylon 6 is highly
absorbent, and as moisture serves as a plasticizer, the tensile strength is less and even more stiff.
Nylons are often paired with other fibers to improve their mechanical and thermal performance
during processing.
1.3.3 Physical Properties of Nylon 6 Resin
Nylon 6 is a thermoplastic resin that comes in different grades and is used as a raw
material for spunbond or meltblown fabrics in a stand-alone fashion, or in combination with
other suitable polymers. As a resin, it is also used to make islands-in-the-sea, splittable, or
sheath-core bicomponent fibers. In the case of sheath-core fibers, the sheath facilitates thermal
bonding and yields fabrics that are soft to touch.
1.3.4 Melt Spinning of Nylon 6
PA6 staple fibers may be found in length ranging from 38-120 mm, and fineness ranges
of 1.3-8.9 dtex. The density of the polymer is estimated to be 1.14 g/cc, glass transition
temperature 45-75 °C (depending on the degree of crystallization), melting temperature 210-220
°C. Its specific heat is 1.51 J/(g•°C), heat of combustion 3.1 kJ/g, and limiting oxygen index
(LOI) 20-24%. When PA6 fibers are exposed to flame, the material tends to melt then burn,
producing a white smoke.
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The moisture regain of the fiber is reported as 4-7.0%, and it can absorb 8.5-10% water.
This influences its mechanical properties in the dry and wet state. Its tenacity range is 4.2-5.9
cN/dtex (dry), 3.5-5.0 cN/dtex (wet), with a breaking elongation range 38-50% (dry), 40-53%
(wet). The initial modulus is reported as 8.6-21.5 cN/dtex. Its stress-strain curve in extension is
bilinear in nature (high to low modulus), yielding an average work of rupture of about 708
N/dtex. The fiber recovers 98-100% of the extension from strains of less than 3%, which imparts
resiliency to fabrics. The fiber has excellent abrasion resistance.
In terms of its chemical properties, it resists attack by dilute acids and strong alkalis very well,
but degrades in the presence of strong acids, aqueous acids and bases through hydrolysis; it is
relatively unaffected by hydrocarbons, ether, esters, and oils, it is soluble in phenols and
phenol/chlorinated hydrocarbon mixtures, and degrades when attacked by oxidizing agents or
bleach. At elevated temperatures, it is susceptible to oxidative, thermal and photochemical
degradation, unless stabilized by suitable additives added to the resin. Also, without the use of
suitable additives, it is susceptible to UV degradation, but has excellent resistance to mildew and
aging. Its specific resistivity is reported to 4x1013 𝛺/cm a good insulator for nylon 6 is a
recyclable polymer that can be de-polymerized, purified, and re-polymerized to make fibers.
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Table 1.2: Mechanical, Physical, and Thermal Properties of Nylon 6

1.3.4.1 Structure-Property Processing Relationships
Polymer processing is a topic of importance in polymer science. Polyamides in particular
are widely used in the engineering of polymers due to their wide range of applications, such as
clothing, reinforcement, and mechanical purposes. It is often of importance to understand the
influence of thermal history on the structure of nylon 6 in regard to its mechanical properties, be
it short- or long-term failure.11 Product performance can often be affected by structural influence
which makes the method of solidification a processing element to be considered. Mechanical
properties of polymers are directly correlated to their yield stress at which the material deforms
in a way of a plastic. Mechanical properties are also highly dependent upon morphology.12,13 The
table below details the relationships considering the effect of processing of structures and
relationships between morphology and mechanical properties of PA6.
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Table 1.3: Processing Properties of PA614

1.3.5 Nylon 6 Fibers
Spunbond nonwovens based on Nylon 6 are used in filtration, in the making of artificial
leather, as film and foam reinforcement and fabrics for cleaning and polishing, as adhesive
substrates and coated and laminates substrates in furniture components, automotive components,
substrate for wallpaper, among others. Staple fiber-based fabrics may be used as substrates to
make house-wrap fabrics.
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1.4 Polylactic Acid
Polylactic acid (PLA) is a thermoplastic aliphatic polyester derived from renewable
resources such as corn starch, tapioca roots, chips or starch, or sugarcane.

Figure 1.7: PLA Synthesis Routes from Lactic Acid 15
The figure 1.7 above demonstrated the synthesis as well as chemical structure or polylactic acid
(PLA).
1.4.1 Polylactic Acid Resins
Polylactic acid of a stereo-specific form in typically used for the use of PLA resins to
produce fibers by melt-spinning and electrospinning methods.16However, PLA resin grades are
different when forming a spunbond, meltblown or electrospun fiber wells, as well as those made
from staple fibers in homocomponent or bicomponent form.16
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1.4.2 Mechanical Properties of Polylactic Acid
The cross-section of this fiber is typically round, and length varies in a range of 5100mm, and a mass linear density of 1.4-19dtex. Table 1.6 in section 1.5.4 further details the
mechanical properties of PLA.
1.4.3 Physical Properties of Polylactic Acid Resin
In PLA, the relative density is approximately 1.25, with a glass transition temperature of
approximately 130-175 °C. The heat of combustion for PLA is around 19 (kJ/g), where the
oxygen index is between 26-35%. The crystallinity of PLA can be as high as 50%. Moisture
regain under standard conditions is between 0.4-0.6%. Morphology can be tailored to yield a
tenacity of 1.76-5.29 cN/dtex, breaking elongation up to 50-60%., and initial specific modulus
180-5 cN/dtex. Elastic recovery from 5% strain is reported to be of the order of 93%. For fibers
of high molecular weight (50,000-300,000), in engineering units of strength is reported to be 2850 MPa, initial modulus 1.2-3.0 GPa, a breaking elongation 2-6%.16
1.4.4 Melt Spinning of Polylactic Acid
Table 1.4: Mechanical, Physical, and Thermal Properties of PLA
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1.4.4.1 Structure-Property Processing Relationships
PLA is user-friendly and able to be processed in equipment for a number of applications
with little to no modifications, its properties can vary during any processing, thermal
degradation, or recycling. This can include transforming PLA into fibers, films, or molded
materials.
Processing effects on PLA is of importance to ensure the polymer has good thermal
stability and to prevent degradation of its MW and physical properties. PLA undergoes thermal
degradation at temperatures above 200 ºC; and other than that, PLA degradation is dependent on
time, temperature, low molecular weight impurities, and catalyst concentration. 17

Figure 1.8: Thermal Degradation of PLA 18
McNeill and Leiper also proposed that the formation of butane-2,3-dione, another
detected byproduct, is likely caused by the radical combination of acetyl radicals from the chain
reaction.
1.4.5 Polylactic Acid Fibers
Polylactic acid fibers are known to be a reliable material with great surface quality. In
addition to surface quality, PLA has good tensile strength making it easy to work with and user-
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friendly. Another attribute that makes PLA fitting for a wide range of applications are due to it
being made from organic and renewable sources-making it environmentally friendly.
1.4.6 Polylactic Acid as a Sacrificial Polymer Among Bicomponent Fibers
The dissolving of PLA is often desirable, as in many technologies, it is nice to dissolve
PLA for removal when the PLA is used as a supporting material. In many instances, it is inherent
to dissolve PLA while leaving the other polymer untouched. For this reason, chemical rinsing is
often desirable when solvents are chosen to specifically target PLA. For PLA removal, it is
important for safety, the chemicals should be reasonably safe when removing large amounts of
PLA as in support structures.
The Properties of PLA are often looked to be improved because although PLA has
excellent optical properties, and high tensile strength, it is a very rigid and brittle material at
room temperature because of its Tg~55 ºC.19 For many applications, it is desirable for PLA to be
transparent, have a low crystallinity, and barrier properties.20 PLA’s properties can be improved
by use of plasticizers or nucleation agents.
Recent investigations have been studied to modify PLA properties through plasticization
or polymer blending in order to improve the ductility of polymers. Plasticizers are often
employed to improve processability, flexibility, and ductility of polymers. Because PLA is a
semicrystalline polymer, a desirable plasticizer will reduce the glass transition temperature (Tg)
will also depressing the melting temperature (Tm) and crystallinity.19,20 To achieve this
plasticizers of high molecular weight and low mobility are necessary to ensure that they do not
migrate to the materials surface causing stiffness in the material.19,20,21
Nucleation agents are very useful as an additive to a polymer resin to modify the
crystalline morphology as well as the kinetics for ultimate control to change certain physical and
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mechanical properties. This is done by providing nucleation sites for the crystallization to
initiate. Nucleating agents can come in chemical and physical forms and also work to lower the
cost of a process and add additional reinforcement.
1.4.7 Polylactic Acid Rinses
Every material has its drawbacks; however, PLA has few issues, and some are actually
positives depending on the desired application. However, one serious drawback is PLA’s
relatively poor abrasion resistance. This abrasion resistance causes a limitation for PLA fibers to
be used in applications such as high-performance apparel applications where abrasion resistance
is needed. Another drawback is PLA’s relatively low melt temperature where the most
crystalline form is at about 175 °C.22This will limit PLA’s applicability in high- temperature
environments, but it is at least high enough not to preclude ironing and drying in apparel
applications. Further, Cargill Dow reports that a blend of optically-pure polymers of opposite
rotation forms an “interlocking” morphology with a crystalline melt temperature above 210 °C.
We have not yet tested this polymer in fiber form, but if it can be easily extruded and processed,
it should remove most concerns regarding the use of PLA fibers at relatively high temperatures.
1.5 Bicomponent Fiber Structures
Recent advances in textile technology has allowed the creation of man-made
bicomponent fibers- often referred to as conjugate fibers. Bicomponent fibers are coextruded
from two different polymers through the same spinneret, which is unlike single component
filaments of one polymer type. Two component fiber spinning takes advantage of polymers
having different properties but are now in the same filament.23 These fibers consist of two
components that are divided along the entire length of the fiber, and the lateral distribution or
geometry of each component remain uniquely separate from each other.24
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The first application for bicomponent fibers commercially was introduced by Dupont in
the mid 1960’s. This was a side-by-side bicomponent fiber for hosiery yarn, cantrece nylon; this
was produced from two nylon polymers which had a highly coiled elastic fiber upon retraction.
Further progress was made in the 1970’s when new and different bicomponent fibers were first
made in Asia, primarily Japan. At this time however, many complex and costly spin packs were
used in the manufacturing process that proved to be dissatisfying technology. It wasn’t until the
late 1980’s when a pioneering approach came about that utilized thin flat plates with holes and
grooves to rout the polymers; this process was tremendously flexible and cost effective.
Today, lead producers worldwide such as BASF, Dupont, ExxonMobil, and many other
chemical companies and textile producers manufacture and produce bicomponent fibers for
various applications.25 In Figure 1.9, it can be seen that bicomponent fibers have numerous
formations.

Figure 1.9: Bicomponent Fiber Structures25
Bicomponent fibers are often categorized by their cross-section structures. Above,
sheath-core, side-by-side, eccentric, islands-in-the-sea, and segmented-pie cross-section types are
shown.
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Bicomponent fibers are desirable for many applications as they make it attainable to
exploit, utilize, and maximize properties present when both polymers are combined that aren’t
present in either polymer alone. This can be done simultaneously which offers fibers that have
desired features for that application. The polymers listed in Table 1.5 below can be used as either
of the components in the cross sections:
Table 1.5: Polymers Commonly utilized for Bicomponent Fibers

The primary objective of producing bicomponent fibers is to utilize properties that do not
exist in either polymer alone. This technique makes it possible to produce fibers of many
different cross-sectional shapes and geometries.
1.5.1 Functional Bicomponent Fibers
Meltspun bicomponent fibers are often manufactured to acquire ultrafine fibers. This
system is widely significant commercially because of the budding potential for great properties
for many applications.26 In the industry, islands-in-the-sea fibers are complex structures to
manufacture and employ. In cross-section, they are regions of one polymer in a matrix of a
second polymer. Islands-in-the-sea fibers are also referred to as matrix-filament fibers, due to the
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look of its cross-section-one polymer inserted into a matrix of another polymer.26 This particular
bicomponent structure promotes the creation of micro denier fibers. The “islands” of the islandsin-the-sea fibers can have a uniform or nonuniform diameter and are generally a melt-spinnable
polymer such as nylon, polyester, or polypropylene. The “sea” or matrix can be formed from
PLA water-soluble polyesters and plasticized or polyvinyl alcohol. The linear density of
microfibers spun from bicomponent fibers are ordinarily below 1 denier.
1.5.2 Production of Islands-in-the-Sea Bicomponent Fibers
These bicomponent fibers are spun from a blend of two polymers in a specified
proportion. From the perspective of the fiber cross section, one polymer appears suspended as
droplets surrounded by the second melt.26 Island-in-the-sea fiber production requires artificial
cooling of the extruded fibers directly beneath the spinneret orfices.27 When producing fibers in
the bicomponent form, it is important that both polymer components have similar spinnability to
ensure the bulk spinnability of the multicomponent fiber- except in the case of bicomponent
fibers wherein one phases comprises less than 20% of the bulk fiber. It is important note that one
of the fiber components can be removed by use of heat, chemicals or solvent treatment, or
mechanically.28
For bicomponent spinning, both polymers are extruded through a spinneret hole before
being split by a blade edge or septum that then feeds the two components into side by side
arangements.29,30 Another common technique is a pipe-in-pipe method where one of the stream
constituents completely surround the other component stream at the limit of the tube.
1.5.3 Splittable Fibers
Splitting of bicomponent fibers is often desirable to produce nonwoven webs of fine
fibers.28 Ultra-fine fibers can be produced by the splitting of bicomponent fibers, where the two
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polymer components have differing chemical and physical properties. The spinning and
processing of bicomponent fibers can give microfibers having, fiber sizes between 2 to 4 denier
per filament; even finer fibers can result from the splitting of filaments into materials having
linear density values of 0.1 or less.28 The method used for splitting ultra-fine filaments from
bicomponent fibers depends on the properties of each polymer component, as well as their
configuration in the bicomponent fiber. Common methods for splitting bicomponent fibers are
by mechanical techniques such as hydroentangling, drawing, needlepunching, carding, twisting,
or beating.28 It is important to note: When mechanical splitting is used to separate the
components of bicomponent fibers, each of the two components must have poor interfacial
bonding between the two polymers for ideal separation. For this to happen, the polymers must
have significant chemical differences to ensure there is little to no bonding between filaments.
To obtain splittable fibers for this system, incompatible polymers, having different chemistries
must be chosen so that the polymers will not form a miscible blend in the melt. Examples of
polymer combinations that fulfil this requirement for chemical incompatibility, to produce
splittable bicomponent fibers, include combinations of polyester, polyamide, and/or polyolefin
polymers (e.g. polyamide-polyester, polyolefin-polyester, polyolefin-polyamide) (See Appendix
B).28
There are a number of limitations when looking to produce mechanically splittable
bicomponent fibers, because each fiber component must have a sufficient balance between
interfacial adhesion and the ability to separate each phase. First, each component must remain
bonded at the polymer-polymer interface during fiber formation, downstream fiber processes,
and fabric formation through bonding. Secondly, bicomponent fiber commonly undergoes
significant stresses during each phase of processing; this can advance splitting between the two
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components prematurely. Premature splitting is exceedingly undesirable. Conventional
equipment for textile processing is not designed to process ultra-fine filaments, as a result the
machinery quickly becomes fouled by fine fibers.
As previously mentioned, polymers chosen for splittable bicomponent fibers should have
adequate chemical/physical differences to allow for splitting. Defects among bicomponent fibers
include distortion of the polymer-polymer interface, crimping, breaking, and other undesirable
issues when the polymers are incompatible. Another influence to keep into consideration is the
melt rheology of both polymers in the bicomponent ‘splitting’ fibers. It is important to control
the melt rheology of both components to prevent the encapsulation of one component by the
other; this can ultimately inhibit the uniform splitting of the bicomponent fibers.28
Hydroentanglement is a popular process to split fibers while simultaneously entangling
the fibers into a bonded nonwoven web.28 This method can produce sub- to low denier fibers to
improve the overall fabric performance of nonwovens.
Freudenberg Performance Materials introduced Evolon® fabric technology for novel
microfilament fabrics to be applied in packaging, cleaning, and automotive materials. The
Evolon® material is comprised of microfilaments and super microfilaments and made through
hydroentanglement processes where no chemical binder or solvent is used in the manufacturing
process.28 This process gives a material that has excellent mechanical properties as well as textile
characteristics being soft, breathable absorbent, with good filtration properties.
1.6 Thesis Objective
Hydroentangled nonwovens of nylon 6 microfibers are desired for soft and durable
fabrics. Within the island-in-the sea bicomponent fiber structure are smaller nylon 6 microfibers
that are useful in making softer fabrics. The unveiling of nylon 6 microfibers is achieved by
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removing the surrounding sea, which is a soluble that nylon 6 is chemically resistant to. Thus,
the sea can be washed away by solvent treatments in a manufacturing setting- leaving behind
thin fibers that are soft and flexible. However, it is difficult to rinse away PLA from the nylon 6
phase of bicomponent fibers. Herein, the objective of this study is to improve PLA removal and
the separation of nylon 6 microfibers from within island-in-the-sea bicomponent fibers.
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CHAPTER 2: SOLUBILITY STUDY EXPERIMENTS
2.1 Introduction
Bicomponent spunbond nonwoven technologies are essential for advanced engineering
applications. Fine diameters fibers afford nonwovens having high surface area, improved
adsorption at the fiber surface, and better filtration efficiency, which makes the use of
nonwovens more widespread. Fiber fineness is achieved among nonwovens through the use of
bicomponent fibers. Splittable and islands-in-the-sea geometries (Figure 2.1) for bicomponent
fibers are used to manufacture nonwovens having fine fibers. In this study, an emphasis is placed
on islands-in-the-sea fibers, and a technique for effectively removing the sea away from these
bicomponent fibers. The motivation of this work is to facilitate the separation of sacrificial PLA
from nylon 6 by washing bicomponent fibers with organic rinses and by tuning the efficacy of
PLA removal by adjusting the composition of dissolution baths.

Figure 2.1: 36 Sea-island Bicomponent Fiber of Nylon 6/PLA1
Hydroentangled nonwovens of nylon 6 microfibers could deliver soft, yet durable
nonwoven fabrics. Islands-in-the-sea, bicomponent nonwovens were manufactured from nylon
6/PLA. The research objective of this study was to remove the PLA sea with non-caustic solvent
systems. ETAC is a superb solvent for PLA; however, the temperature for dissolution drops due
to the endothermic heat of PLA dissolution. Thus, alternate solvents and their mixtures were
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used to minimize the endothermic heat of PLA dissolution. Commercial implications for this
work include the reduction of dissolution endotherms, maintaining a constant temperature for
PLA dissolution, and the efficient removal of PLA.
Solvents that are capable of yielding homogenous solutions without liquid-liquid phase
separation were identified. Figure 2.2 is a chart of solvent miscibility, which details how
substances can be combined to form a homogenous solution without liquid-liquid separation.
Mixtures containing ethyl acetate (ETAC), methyl ethyl ketone (MEK), and dimethyl sulfoxide
(DMSO)- are all miscible. Based on the physical properties each solvent (molecular weight,
density, boiling temperature, surface tension as given in Table 2.1) endotherms for dissolution
and the effectiveness of PLA removal was tuned with each mixture.

Figure 2.2: Solvent Miscibility Table2
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Table 2.1: Solvents Used for Solubility Studies

Spunbond hydroentangled nonwovens, having 120 gsm basis weight, were manufactured
from nylon 6/PLA fibers. Dissolution studies for PLA removal were conducted at low-volume.
Based on these results, pilot studies were later conducted in a launderometer.
2.2 Experimental Procedures
2.2.1 Materials
ETAC, ACS grade 99.5+% was obtained from Alfa Aesar. MEK or 2-Butanone, ACS
reagent ≥ 99.0%, was obtained from Sigma-Aldrich. DMSO was obtained from VWR
chemicals.
2.2.2 Nonwoven Manufacturing
Bicomponent nonwovens were manufactured from 72 filaments, each having 36 nylon 6
islands in the PLA sea. Individual fibers of suitable size pass through a screen size of 700 for the
collection mesh to be deposited on the forming belt.3 Nonwovens of 70/30 nylon 6/PLA were
melt-extruded at 260/220 ºC and nonwovens were taken-up at 2500 m/min.
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Table 2.2: Homocomponent and Bicomponent Filament Spinning

2.3 Screening Study

Figure 2.3: Apparatus Setup for Rinsing Nylon 6/PLA Samples
Figure 2.3 shows the setup for screening solvent mixtures for PLA removal. Nylon
6/PLA samples were hole-punched to desired mass. This is a simple and replicable technique for
sample preparation. Afterwards, hole-punched samples were added to 20 mL scintillation vials.
Solvent mixtures of ETAC, MEK, and DMSO were prepared under a fume hood. 12 mL of the
solvent mixture was added to the vial and agitated with a magnetic stir bar. A rubber septum
covered the vial, with an opening for the thermometer/thermocouple. Vials were heated to 70 °C
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(according to the thermocouple not the hot plate) to emulate commercial temperatures for
rinsing. Once this temperature was reached, dissolution was allowed for 20 min under vortex
stirring before removal from the hotplate. Temperature changes from 70 °C were recorded.
Afterwards, fabric samples were removed from the solvent mixture and allowed to air dry. Once
air dried, samples were placed in a drying oven overnight.
2.3.1 Nonwoven Microscopy
Nonwoven samples were attached to carbon tape, sputter coated with gold/palladium
(Au/Pd) and imaged in the Thermo Scientific™ Phenom Pharos desktop Scanning Electron
Microscope (SEM), using an accelerating voltage of 5 kV.
2.3.2 Quantification of PLA Removal by Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) measures differences in sample weight with elevated
temperature. After exposure to select solvent mixtures, residual amounts of PLA relative to
nylon 6 were measured by TGA. Thermal temperatures were ramped up to 400 °C at 20 °C/min.
Differential thermogravimetric analysis (DTGA) curves show the degradation rates with
temperatures. These plots help the user differentiate modes of degradation within a bicomponent
system.
2.4 Results & Discussion
Solvent mixtures of ETAC, DMSO, and MEK are given in Table 2.3, as well as the
temperature change from 70 °C as the result of PLA dissolution. Of the recorded measurements,
ETAC had the greatest temperature difference of 10 °C. The addition of DMSO and MEK
reduced the change in temperature during PLA dissolution, whether or not ETAC was in the
mixture. Several binary and ternary mixtures showed negligible changes in temperature.
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It can be concluded here that DMSO and MEK minimize heat losses from PLA
dissolution in ETAC.
Table 2.3: Screening Solvent Rinses for PLA Removal

2.4.1 PLA Removal from Treated Nonwovens
With SEM imaging, the efficacy of PLA removal by solvent mixtures in Table 2.3 were
observed. Images were analyzed for the appearance of fine and separated nylon 6 fibers, which
would indicate the dissolution of PLA from nylon 6/PLA sea-island fibers.
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2.4.1.1 PLA Removal by Unary Mixture
Optimal separation of nylon 6 from PLA was observed for the unary ETAC rinse (see
Figure 2.4), but a temperature loss of -10 °C was observed. Less nylon 6 from PLA separation was
observed for unary solvents of DMSO and ETAC, respectively; however, no loss in vial
temperature was observed. Thus, binary and ternary mixtures (with different proportions of ETAC,
MEK and DMSO) were tested against PLA dissolution to observe the best options for nylon 6
fiber separation under conditions of minimal temperature loss.

Figure 2.4: Comparison of Fiber Separation in 120gsm Nylon 6/PLA Control and the
Unary Solvent Systems using 500X Images
2.4.1.2 PLA Removal by Binary Mixtures
Nylon6/PLA nonwovens rinsed in 50/50 binary mixtures were imaged in Figure 2.5. The
mixture of ETAC/DMSO was able to provide good fiber separation, but the presence of ETAC is
believed to have caused a 5 °C temperature loss upon PLA dissolution. DMSO/MEK yield good
nylon 6 fiber separation, however PLA was plasters across the nonwoven surface. Poor nylon 6
separation and PLA removal was observed among the ETAC/MEK rinsed nonwoven.
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Figure 2.5: Fiber Separation Exhibited in 50/50 Binary Systems Using 500X Images
The results from other binary mixtures are shown in Figure 2.6 and Figure 2.7 (having
solvent ratios of 75/25 (or 25/75). Binary mixtures of DMSO are shown in Figure 2.6. At 25/75
DMSO/MEK, superior nylon separation was observed. The 25/75 ETAC/DMSO showed notable
nylon 6 separation, but the PLA sea remained along segments of the bicomponent fibers.

Figure 2.6: Fiber Separation Exhibited in 25/75 Binary Systems Using 500X Images
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Binary mixtures of MEK are shown in Figure 2.7. At 75/25 DMSO/MEK, separation is
optimal as also observed at 25/75 DMSO/MEK. Separation may occur to the point of
disentangling the nonwoven. At pilot levels, nonwovens treated with these binary mixtures of
DMSO may require additional hydroentanglement. At 75% DMSO relative to MEK, the heat
loss due to PLA dissolution was greater than at 25% DMSO to MEK. Binary mixtures of
ETAC/MEK showed evidence of PLA removal with mildly separated nylon 6 fibers.

Figure 2.7: Fiber Separation Exhibited in 75/25 Binary Systems Using 500X Images
2.4.1.3 PLA Removal by Tertiary Mixtures
Tertiary mixtures of ETAC/DMSO/MEK were tested against PLA removal in Figure 2.8.
Mixtures of 33/33/33 and 25/50/25 ETAC/DMSO/MEK were capable of removing PLA, leaving
behind separated nylon 6 fibers. No change was observed from the set temperature for PLA
dissolution. However, the 33/33/33 ETAC/DMSO/MEK was more adept at dispersing nylon 6
fibers from each other during the agitated process of PLA dissolution. The nonwoven treated
with 50/25/25 ETAC/DMSO/MEK also had good nylon 6 fiber separation, but the temperature
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reduced by 2 °C during PLA dissolution. Poor PLA removal was observed for the 25/25/50
ETAC/DMSO/MEK mixture.

Figure 2.8: Fiber Separation Exhibited in Tertiary Systems Using 500X Images
2.4.1.4 Summary of PLA Removal by ETAC Versus Solvent Mixtures
The best solvent mixtures for PLA removal were compared against ETAC- where PLA
dissolution reduced the vial temperature by 10 °C. The binary and tertiary mixtures in Figure 2.9
showed no change in temperature. Mixtures show the dispersion of separated nylon 6 fibers,
except in the case of 25/50/25 ETAC/DMSO/MEK treated nonwovens. Binary mixtures of 25/75
ETAC/DMSO and 25/75 DMSO/MEK are believed to be most promising for solvent recovery
and recycling, scaling, and commercialization.
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Figure 2.9: Summary of Promising Solvent Systems, which Exhibited Superb Fiber Separation
and No Heat Loss During Rinsing Process
2.5 Quantification of PLA Removal by Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) was conducted to quantify PLA removal from the
nylon 6/PLA nonwovens. These studies are essential to confirm PLA removal by this screening
technique prior to scale-up. TGA was run for nylon 6/PLA nonwovens that were rinsed with
mixtures identified in section 2.4.1.4 Figure 2.10, including the unary ETAC. TGA and DTGA
were used to distinguish between the temperature ranges for PLA degradation versus those for
nylon 6 degradation. Figure 2.11 shows two distinct DTGA peaks: one for PLA and other for
nylon 6 (PA6). The pertinent information gained here is that upon heating the nylon 6/PLA
nonwoven, PLA degrades at lower temperatures than nylon 6. 30% PLA removal from the
control nylon 6/PLA nonwoven was determined by TGA over the range of room temperature to
427.6 °C (Figure 2.11). This value matches the processing specifications for 70/30 nylon 6/PLA
islands-in-the-sea nonwovens.
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Figure 2.10: Thermal Degradation of Control Nylon 6/PLA
Table 2.4 lists the weight ratio PLA and nylon 6, as determined by TGA/DTGA, as well
as the peak temperatures for PLA and nylon 6 degradation. The most promising candidates for
PLA removal all show 100% nylon 6 post rinsing. The TGA thermograms for candidate rinses
(described in Figure 2.9) are given in Appendix A. The peak temperature for nylon 6 removal by
TGA was highest for the control samples. The separation of nylon 6 fiber through PLA removal
makes nylon 6 more susceptible to thermal degradation at lower temperatures (ranging 3 to 33
°C lower).
Table 2.4: Weight Loss of nylon 6 and PLA from Bicomponent Nonwovens after
Rinsing
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Figure 2.10 shows TGA/DTGA graphs that are representative of nylon 6 degradation
when PLA is fully removed from the nonwoven. Only one DTGA is apparent, which shows only
nylon 6 degradation is observed when the binary 25/75 DMSO/MEK rinse was used to
successfully remove PLA from the bicomponent nonwoven.

Figure 2.11: Thermal Degradation in Binary System 25/75 DMSO/MEK
2.6 Summary and Conclusions
Herein this Chapter, the best candidates for PLA Dissolution were determined for future
scale-up through the use of 20 mL vials for screening rinses, scanning electron microscopy, and
TGA. The screening study in this chapter was used to test for heat losses that were determined
by a decrease in temperature in the system. Thermal losses show which systems need more heat
and energy for the reaction to remain constant. Nylon 6 separation under minimum temperature
losses were key attributes of solvent mixtures for the removal of PLA. Since the bulk of PLA
degraded before nylon 6, TGA studies were used to confirm PLA removal from nylon 6
microfibers by candidate rinses, as determined by the screening method.
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In Chapter 3, promising ETAC/DMSO/MEK mixtures, as identified herein for PLA
removal with minimal heat loss, will be studied on a larger scale. The implications of those
studies will inform pilot and industrial-scale processing.

42

REFERENCES
1. "Concerning the Development and Launch of TIRRENINA Brand Eco- Friendly Man-Made
Leather | Kuraray", Kuraray.com, 2020. [Online]. Available:
https://www.kuraray.com/news/2005/051215. [Accessed: 3- Jun- 2020].
2. Csustan.edu, 2020. [Online]. Available:
https://www.csustan.edu/sites/default/files/groups/Chemistry/Drake/documents/solvent_misc
ibility_table.pdf. [Accessed: 5- Mar- 2020].
3. S. Russell, Handbook of Nonwovens. Woodhead Publishing, 2020.

43

CHAPTER 3: LAUNDEROMETER STUDY OF POLYLACTIC ACID REMOVAL
FROM SEA-ISLAND BICOMPONENT NONWOVENS
3.1 Introduction
An ideal rinse for the removal of sacrificial polylactic acid (PLA) polymer from
bicomponent nonwoven fibers would be 1) non-caustic, 2) non-flammable at room temperature,
and 3) able to maintain operating temperature and pressure during the process of dissolution. The
addition/removal of thermal energy or pressure during nonwoven finishing at industrial levels
would raise the cost of manufacturing. Prior to this study, ethyl acetate (ETAC) was shown to be
a viable alternative to caustic rinses for PLA removal. However, the endotherm for PLA
dissolution in ETAC drastically reduces processing temperatures, such that alternative rinses are
still desired. In the previous chapter, solvent mixtures were identified for the removal of PLA
from islands-in-the-sea nylon 6/PLA nonwovens. Before applying the rinses screened in Chapter
2 at commercial scales, a test method was developed to assess PLA removal at the pilot scale
with several grams of nonwoven fabric. These spunbond nonwovens were manufactured in The
Nonwovens Institute at NC State University. Bicomponent islands in the sea fibers were
composed of nylon 6/PLA. Total PLA removal is desired for the manufacture of microfibrous
nylon 6 nonwovens, wherein the microfibers produce a soft hand and suppleness. In this study,
nonwoven fabrics of nylon 6/PLA were laundered in solvent mixtures of ETAC, dimethyl
sulfoxide (DMSO), and methyl ethyl ketone (MEK) solvent mixtures. Afterwards, PLA removal
from nonwoven fabrics was assessed by visual inspection.
The pilot scale rinsing of nonwovens was performed using the Launder-O-meter®
accessible through Zeis Textiles Extension in the Wilson College of Textiles at North Carolina
State University. The Launder-Ometer® is a product of SDL Atlas Textile Testing Solution and
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an AATCC (American Association of Textile Chemists and Colorists)- an approved instrument
for testing colorfastness, fabrics under accelerated washing conditions, or dry cleaning in
compliance with international standards for low temperature testing.1 The stainless-steel
construction of the Launder-Ometer® renders it useful for wet lab environments that involve
aqueous, corrosive, and organic solvents, while maintaining optimal agitation and precise
temperature control for consistently reliable results.
3.2 Launderometer Study of PLA Removal from Nylon 6
3.2.1 Materials
Nylon 6/PLA nonwovens, having a basis weight of 120 gsm, were manufactured on the
Reifenhauser-Reicofil Bicomponent Spunbond Line . Figure 3.1 illustrates the process flow chart
for nonwoven construction. Fabric samples weighing 10 g (9.5 in x10.5 in) were cut into
swatches with dimensions of approximately (2.5 in x 2.5 in).

Figure 3.1: Flow Chart on Nonwoven Manufacturing
ETAC (CHROMASOLV® Plus, HPLC Grade 99.9% solvent) was obtained from SigmaAldrich®. DMSO ACS grade solvent was obtained from VWR Chemicals. MEK (2-Butanone,
ACS Reagent ≥ 99.0%) was obtained from Sigma-Aldrich®. Mixtures of these solvents were
screened for PLA removal from nylon 6 microfibers. The best rinse candidates, as identified in
Chapter 2, were used for pilot-scale launderometer testing. Table 3.1 details the solvent mixtures
that were used for this study.
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Table 3.1: Demonstration of Solvent Ratios Used in Unary, Binary, and Tertiary
Systems

Rinse Apparatus
AATCC Test Method 132-2013 “Colorfastness to Dry-cleaning” was adapted to perform
launderometer testing.2 In this study, the Launder-Ometer® apparatus (shown in Figure 3.2)
houses stainless steel rotors that provided constant canister rotation (40 ± 2 rpm) within a
thermostatically controlled water bath for 20 min. Standard stainless-steel canisters (7.5 cm in
diameter 7.5 cm and 12.5 cm in length) have ~5050 mL of capacity. Solvent mixtures of 200 ml
(described in Table 3.1) along with 1 g of the nylon/PLA nonwoven fabrics having dimensions
of 2.5 in x 2.5 in, were prepared in 550 mL canisters. 20 g of stainless- steel balls were added to
canisters to agitate fabrics evenly for PLA removal. The solvent mixtures were prepared under a
fume hood and then transferred to the launderometer canisters. Nonwoven fabrics were cut to
dimensions that would not require folding to enclosure them. Viton rubber gaskets were used to
seal the contents of these canisters, while preventing the leakage of organic solvent into the
Launder-Ometer® water bath.
These chemically resistant, high pressure seals were prepared from Viton rubber sheets
that were obtained from Grainger. The thickness of the gaskets is 1/32”, and the max temperature
for sustained use is 204 °C. Gaskets were punched from Viton rubber sheets using a McMaster
Carr hammer-driven punch for 2 7/8-in hole diameters.
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Figure 3.2: SDL Atlas Launder-Ometer® used for Pilot Scale Organic Rinse Study
3.3 Results and Discussion
3.3.1 Nylon 6/PLA Nonwovens After Solvent Rinse Cycle
Rinsed nonwovens of nylon 6/PLA are shown in Figure 3.3. After rinsing nylon 6/PLA
nonwovens with candidate mixtures for PLA removal, samples were transferred to petri dishes,
treated with alcohol for more effective drying, then left to air-dry under the chemical fume hood.
The purpose of air-drying was to remove excess solvent. After air drying for ~15 h, nylon 6/PLA
nonwovens were dried in an oven at 75 °C. As observed in photographs of treated nonwovens,
discoloration was observed after thermal drying. Rinse treatments are presumed to be even
among the nonwovens, because fabric samples were rotated in canisters. Thus, discoloration is
attributed to the thermal degradation of nonwoven fibers by unevenly exposing fabric to high
temperature surfaces in the drying oven.

47

Figure 3.3: Nylon 6/PLA Nonwovens Post-treatment of ETAC, DMSO, and MEK Organic
Solvent Systems a) 100% ETAC b) 25/75 ETAC/DMSO c) 25/75 DMSO/MEK
d) 33.3/33.3/33.3 ETAC/DMSO/MEK
Nylon 6/PLA fabrics that were rinsed with solvent treatments and later dried are shown,
as well as the control of untreated nonwoven fabric. The rinse treatments included unary, binary,
and tertiary mixtures of ETAC, DMSO, and MEK.
Based on the screening study in Chapter 2, solvent mixtures labeled in Table 3.1 can
remove PLA, leaving behind individualized microfibers. Although the high-resolution
micrographs are not shown, the photographs in Figure 3.3 reveal modified fabrics. Once the
rinsing cycles were completed, nonwoven fabrics were soft to the touch and remained fibrous.
No visual indication that the nylon 6 fibers or the PLA sea had partially dissolved into films
along the nonwovens were observed. Some portions of the nonwovens were more entangled than
others. Thus, PLA removal from fabrics at the pilot scale was concluded.

48

3.4 Conclusions
In this study, the best candidates for PLA removal were tested against nylon 6/PLA
nonwovens on the pilot scale and under conditions that immolate commercial processing. Pilot
studies that were performed in the Launder-Ometer® give some implications of how these
systems will perform in an industrial setting. Solvent mixtures containing ETAC, DMSO, and
MEK formed homogeneous solutions. Unlike the neat rinse of ETAC, endotherms for PLA
dissolution were negligible, as shown in Chapter 3. Further, PLA removal was deemed feasible
without dissolving the desired nylon 6 microfibers. For industrial purposes, binary systems for
PLA rinsing are preferred. Not only did the binary systems successfully remove the sacrificial
PLA sea- leaving behind soft, pliable fabrics- but these mixtures are feasible options for solvent
recovery through distillation and PLA recovery through filtration.
3.5 Recommendation for Future Work
Future work for this study includes 1) the capture of high-resolution images from nylon
6/PLA nonwovens before and after rinsing using scanning electron microscopy (SEM) and 2)
precise measurement of dissolution endotherms. A quantitative study of heat losses due to PLA
dissolution per liquor ratio is needed to verify the commercial viability of treating nonwoven roll
goods with binary solvent mixtures in comparison to neat ETAC and caustic washes.
The PHI-TECH II adiabatic reaction calorimeter at the Jensen Hughes Baltimore Lab
measures heat evolution, energy outputs, and pressure differences. In short, the instrument can
determine whether or not uncontrollable exotherms result from a runaway reaction with the goal
of screening hazardous “runaway” reactions that could compromise safety. In relation to this
work, the measurement of endotherms and pressure differences will aid industry’s decision to
adopt this technique for PLA removal.

49

REFERENCES
1. "Launder-Ometer® | Textile Testing Products | SDL Atlas", Sdlatlas.com, 2020. [Online].
Available: https://sdlatlas.com/products/launder-ometer#product-details. [Accessed: 10- Apr2020].
2. "Test Methods - AATCC", AATCC, 2020. [Online]. Available:
https://www.aatcc.org/testing/methods/. [Accessed: 10- Apr- 2020].

50

APPENDICES

51

Appendix A
Thermogravimetric Analysis of Rinsed Island-in-the-Sea Nonwovens

Figure A.1: Nylon 6/PLA ETAC 100%

Figure A.2: Nylon 6/PLA 25/75 ETAC/DMSO
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Figure A.3: Nylon 6/PLA 33.3/33.3/33.3 ETAC/DMSO/MEK

Figure A.4: TGA thermograph of Nylon 6/PLA 25/50/25 ETAC/DMSO/MEK
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Appendix B
Patent Review of Bicomponent Fiber Structures
A patent review is essential to discover any relevant prior art. It was important to conduct
a patent review to ensure that the work developed here doesn’t currently exist and to explore
relevant data in the patents not published in journal articles. This search is also helpful to see
what is popular in the textile field and confirm that the work is novel. The table 1.6 reinforces the
need for methods to successfully split bicomponent fibers. From this patent review, it is shown
that splitting efficiency and rate of splitting is improved with additives, chemical treatments, or
by use of hydroentanglement, which yields softer fibers. This work quantified the ability of each
technology to separate bicomponent fibers by use of microscopy.
Table A.5: Review of Patented Work for Bicomponent Fiber Splitting
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