ABSTRACT

LAVOIE, JOSEPH HENRY'. Approaches for Surface Energy Control of Nonwoven Fibers for
Alcohol Repellency and Electret Charge Protection (Under the direction of Saad Khan,
Orlando Rojas, and Eunkyoung Shim).

Bulk polymer additives are commonly used in the nonwovens manufacturing industry for a
variety of applications. One such application is the modification of surface properties for
controlled repellency of solvents. This is particularly relevant in the field of electret air
filtration materials, which have been shown to be rapidly discharged in the presence of oil and
alcohol vapors or aerosols. Increased resistance to wetting by these low surface tension fluids
can be challenging, but the use of additives to create nonwoven fabrics capable of repelling
oils and alcohols allows these products to be manufactured cheaply and easily. While the use
of melt additives is established in the prior art, there are many factors in the efficacy of the
additives on the resultant properties of the final product, not all of which are well understood.
Chief among these is the impact of additive migration on surface properties of manufactured
fibers. In this work we seek to explore the effects of melt additive migration on meltblown
nonwoven fibers as well as the kinetics and resultant microstructure of additive migration in

the polymer matrix.

Fibers containing fluorochemical melt additive compounds were characterized by several
different analytical techniques. Scanning Electron Microscopy (SEM) images of nonwoven
fiber mats allow for the quantitative evaluation of median fiber diameter. By monitoring
changes in fiber diameter with respect to additive concentration and fiber manufacturing
parameters, we are able to elucidate the correlation between these critical parameters. X-ray

Photoelectron Spectroscopy (XPS) was used to characterize the kinetics of the changing



surface composition of the fiber mat, as migration of the additive to the surface occurs over
time. In an effort to gain a more thorough understanding of the migration process, Time-of-
Flight Secondary lon Mass Spectroscopy (TOF-SIMS) was used to generate compositional
maps of fiber cross-sections. These 2D maps of fluorine content throughout the core and
surface of fibers offer a unique view of additive migration and allow for additional
understanding of the role of fiber diameter and nonwoven manufacturing methods on the

resultant surface properties of the material.

Migration of additives was monitored over several months, allowing for the evaluation of
compositional changes over multiple timescales. This changing composition was then related
to repellency of alcohol solutions via contact angle data. By collecting composition and contact
angle data in tandem, thresholds in surface fluorine content for repellency were identified, as

well as protection of charge against isopropanol vapor discharging methods.

In addition to bulk polymer melt additive approaches, we also utilized novel surface
modification methods for the creation of extremely low surface energy nonwoven webs. In this
study, we utilized the non-specific binding of unfolded natural polymers to highly inert
hydrophobic surfaces like polypropylene to generate an activated surface capable of further
functionalization. Through the use of sequentially deposited charged moieties, an extremely
conformal, rough, and densely decorated silica surface was created on fiber surfaces. After
functionalization of the silica surface with a highly fluorinated silane molecule through a
simple vapor phase silane reaction, the multi-scale roughness of the coated nonwoven web in
combination with the low surface energy of the fluorinated surface enabled extremely high
water contact angles (>160°) and significant improved repellency of low surface tension oils

and alcohols.
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CHAPTER 1. INTRODUCTION
1.1 Motivation and Goals

The modification of chemistry at polymer interfaces for a wide range of applications has been
an important area of research for many years. The chemistries and methods used vary
significantly depending upon the materials and desired resultant functionality of the surface.
The literature has established a multitude of approaches for interfacial property manipulation
with the goal of improved properties such as increased durability,®* flame-retardancy,>”’
conductivity,® 20 and surface energy control,!*1® among others. This dissertation details
research into two primary methods for the creation of low surface energy polymer substrates;
the development of a novel sequentially deposited surface coating with facile CVD
functionalization approach, and the investigation of surface active fluorochemical melt

additives.

The overarching goal of this research effort has been to design nonwoven materials with oil
and alcohol repellent surfaces for electret air filtration applications. These devices, which
utilize electrostatic attraction to increase capture efficiency, suffer severe and rapid charge loss
when exposed to low surface tension fluids.!**> While there is some debate as to the
mechanism by which charge loss takes place, it is clear that minimizing contact area between
the probing liquid and the charged surface is key to the prevention of charge loss.*6’
Therefore, decreasing the surface energy of the nonwoven and as a result increasing repellency
towards these fluids was tested as a potential method for protecting charge and preventing the

associated decrease in filtration efficiency.



1.2 Background

In this section, a brief overview of relevant background information from the literature is
provided on a number of topics critical to the research performed in this dissertation. Through
this discussion of the prior art, specific goals will be highlighted as necessary contributions to
the field which will be addressed through the work presented in the following chapters. These
studies are all at various stages of the publication process and as such are presented here as
independent, stand-alone works; however, through the context of this dissertation, the separate
chapters will work in concert to address the research challenges highlighted in the following

sections.

1.2.1 Nonwovens Manufacturing

Nonwovens are a class of textile materials which are composed of fibers which are laid down
randomly and bonded to one another in one of several ways. These fibers can be synthetic,
natural, or a mixture of the two, and can be engineered in a plethora of ways yielding highly
variable textile properties depending upon the materials and manufacturing methods used.
Among the most commonly used methods for the manufacturing of nonwoven materials are
processes that can be divided broadly into three main web forming methods: air-laid methods,

wet-laid methods, and polymer-laid methods.

The first two of these require the use of staple fibers: namely natural fibers such as cotton,
wool, or rayon; or synthetic fibers such as polypropylene, polyester, or nylon. These fibers are
made prior to nonwoven manufacturing and are assembled into a mat or web. In the case of
air-laid materials this can be done through the use of various carding processes where large

clumps of staple fibers are first separated into individual fibers and then laid down in a
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relatively unidirectional manner by a series of drums with fine toothed comb-like structures on
their face. Alternatively, air-laid materials can be made through the use of aerodynamic
methods where staples fibers are separated by carding, before lofting the individual fibers in
an air-stream where they are captured by a condenser screen in a highly random orientation.
Both the largely ordered structures formed by carding, and the random structures of
aerodynamic air-laid fiber mats are then often layered by cross-lapping and bonded by
processes such as needle-punching, calendaring or chemical bonding to improve the strength

of the material and further engineer key properties for the intended application.*®

Polymer-laid methods differ substantially from air and wet-laid methods, in that they
effectively combine the fiber formation process and the fiber laydown process into a single
step. In some cases, particularly meltblowing, fiber bonding also naturally occurs during the
nonwoven production process. Due to the economy of performing so many manufacturing
functions in a single process, and the relatively low cost of synthetic polymer materials,
polymer-laid nonwovens are extremely cheap to produce. As a result, materials produced by
these methods have found widespread use in applications requiring extreme cost-efficiency
such as wipes, diapers, medical garments, and other disposables.’® Another benefit of these
processes is the highly tunable nature of the resulting textiles. As all of the major processes
affecting the structure of the resultant nonwoven are occurring within the same process, it is
possible to engineer key properties for the intended application, while maintaining low costs.
Such highly engineered, low cost technical textiles make ideal products in many industries
including insulating materials, hygienic products, protective apparel, and most commonly,

filtration.?® Of the polymer-laid methods, melt-blown nonwovens are the most commonly used



for filtration applications, and therefore were the materials used for the research in this

dissertation.?

Meltblowing is a polymer-laid manufacturing process, unique for its fiber attenuation method.
In the meltblowing process, polymer melt is extruded at high pressure through a die containing
a large number of orifices and then propelled toward a collecting belt by a high velocity hot
air stream, as shown in Figure 1.1. This process attenuates the fibers while still molten,
significantly decreasing fiber diameter and bonding them through random contacts between
molten fibers. This results in relatively strong fiber webs composed of fibers primarily between
1 and 10 um, and allows for tailored control many of the properties of the web.?? Control over
both machine and operational parameters allow for the manipulation of web properties

including basis weight, loft, pore size, fiber diameter, and more.%2°



Figure 1.1: Reicofil pilot scale meltblown nonwoven manufacturing line at The Nonwovens Institute.



1.2.2 Air Filtration

A large and quickly growing market for nonwoven materials, and meltblown materials
specifically, is filtration.*?* Many of the key benefits on nonwoven materials, such as
controlled pore size, high surface area, and low cost, make them ideal for use in filtration
applications where highly engineered materials are required while maintaining low costs such
that disposability is feasible. As a result, the filtration sector of the nonwovens market has seen

significant growth in recent years, and is expected to approach $5 billion worldwide by 2019.%

This growth has been fueled by an emerging industries seeking to address emergent problems
in a modern world; burgeoning development in fields such as water purification and air quality
management are strong examples of this response. Driving growth in the industry is the need
for extremely high efficiency air filters in applications such as home and industrial heating,
ventilation and air conditioning (HVAC), cabin air filters, personal respirators, and clean room
environment particulate control.?2” While generally a high efficiency air filter is capable of
capturing particles at its specified efficiency, a greater constraint on long term performance of
the filter is pressure drop. Initial pressure drop across the filter is largely a function of filter
web solidity and thickness, however as the filter is subjected to particle loading, pressure drop
increases as a result.?® This imposes increased workload on air handling equipment as particle
loading increases over the course of the life of the filter. In an effort to improve energy
efficiency and mitigate effects of particle loading on filter life, a number of approaches have
been developed including the use of electrostatics to maximize particle capture at lower

pressure drop levels.



1.2.3 Electrets

Electret air filters are most commonly polymer-laid nonwoven filters made from a dielectric
polymer such as polypropylene, polyethylene or polybutylene terephthalate. These materials
are capable of being imbued with a quasi-permanent electrostatic charge, which allows for the
capture of particles by electrostatic interaction. This charge can be induced in several different
ways, including triboelectric charging, hydrocharging, and corona charging, among others.2%20
Triboelectric charging is the well characterized effect of two dissimilar materials becoming
charged through coming into contact with one another.3! This allows for the passive generation
of charge in textile applications where the textile is composed of multiple materials, typically
in the form of a web composed of heterogeneous fibers with significantly different triboelectric
properties.®? Hydrocharging requires the nonwoven web be subjected to high pressure water

jets, which induce a charge upon the fibers due to a similar phenomenon as tribocharging.*

Corona charging is a distinct method in which a dielectric material is charged through the use
of an electrode which is energized with a high voltage power source. This electrode generates
a strong electric field, ionizing molecules in the air, and then driving them toward the material
to be charged. These ions become embedded in the insulating polymer and remain charged
through the life of the filter. This concentration of embedded charges generate a permanent
electric field, allowing for capture of particles by electrostatics and in general allowing for
similar or improved capture efficiencies, as shown in Figure 1.2, at lower pressure drop

values.3435
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Figure 1.2: Contributions of filtration mechanisms to overall filtration efficiency.
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In recent years, a significant portion of the literature surrounding electret filter materials has
focused on the use of various additives for the purposes of increased chargeability or charge
stability.® The focus of these efforts has been to show that changing the polymer morphology
through the use of nucleating agents®”®, antioxidants,3*° or other means of crystallinity
control*** can have a significant impact on electret performance. Unfortunately, a
significantly neglected aspect of these investigations and other investigations is the protection

of the charge after it has been acquired.
1.2.4 Charge Protection

While the embedded charges utilized for increased capture efficiency in electrets are stable
over very long time periods, they are unfortunately not immune to the effects of various
external effects. One of the most prevalent mechanisms by which charge can be lost is through
exposure of the charged media to oil and alcohol mists. This issue is commonly encountered
in real world applications, including automotive cabin air filters, engine air intake filters, clean
room and hospital HVAC systems, and other industrial applications.***> As shown in Figure
1.3, the effect of these fluids on filtration performance can be extremely rapid and catastrophic,

even at low concentrations.
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2015).
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While the mechanism by which oil and alcohol exposure is thought to cause discharging is a
matter of some debate, there are three primary mechanisms which are thought to contribute to
discharging in general. The first is recombination of charges with oppositely charged captured
particles. The second is the capture of conducting species which screen the environment from
the embedded charges. The final proposed mechanism is that the captured aerosol in some way
alters the morphology of the fiber, allowing charges to move and recombine or otherwise
inhibit the polymers capacity for holding charge.*® While clearly the second mechanism is the
most likely to play a role during the adsorption of oil or alcohol on the surface, the role of the
first mechanism is unclear, though the third is unlikely in the case of an inert polymer such as

polypropylene which was used in this study.
1.2.5 Repellency

The control of fluid surface wetting is a well characterized field of research with significant
impact on many industries spanning from prevention of marine biofouling to anti-icing
coatings for aircraft and everything in between. It has been understood since the seminal works
of Cassie and Baxter that the two most critical design criteria for controlling wetting behavior
are the chemistry of the surface, that is, the surface energy of the compounds which occupy
the interface between the substrate and the fluid, and the roughness of that interface.*”°
Roughness plays a key role, particularly in the design of systems for extreme repellency
applications such as superhydrophobicity, as surface energy constraints are limited to relatively
moderate levels of repellency.®! The most drastic change in wetting behavior is often
observed due to the inclusion of hierarchical, or multi-scale, roughness.>%° These structures

enable the formation of a porous interface where the substrate and liquid are separated by air
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pockets, effectively decreasing the surface energy of the interface to levels far below those

possible for a homogeneous material.

These considerations are key to the effort to generate nonwoven substrates capable of repelling
the most challenging of fluids, oils and alcohols. In this dissertation, two methods for the
control of nonwoven surface energy were pursued: surface modification through the use of

physisorbed coatings; and bulk, surface-active polymer melt additives.
1.2.6 Surface Modification of Polymers by Sequential Deposition

Surface coatings for polymeric materials can be developed through a large number of different
methods, however the modification of certain, highly inert polymers can prove to be difficult,
and have had to be circumvented in the past.>®°” Due to the unavailability of reactive sites in
the backbone of saturated polymers like polypropylene, it is necessary to use highly energetic
methods, or harsh chemical treatments, to generate sites for covalent attachment of
coatings.®®>® While these methods can be effective, such treatments, by definition, are
detrimental to the integrity of the polymer structure and, as a result, can negatively impact bulk

polymer properties in the final product.®

Alternatively, in recent years methods which utilize non-covalent bonding mechanisms such
as ionic or van der Waals interactions have been presented in the literature.®>%2 The use of non-
specific binding interactions as a means of coating inert polymer substrates has become more
prevalent and there are several examples in the literature of the use of denatured proteins as an
activation layer for further modification on substrates of various compositions and
geometries.%3% These methods can be effective at generating durable and functional coatings

on a wide range of substrates which would be difficult to modify by covalent modification
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methods, but come with a separate set of challenges; namely, the less specific interactions of
these methods frequently generate coatings with poor conformality and density of

decoration.%6-68
1.2.7 Surface Active Bulk Polymer Melt Additives

The use of polymer melt additives to impart specific properties in the resulting material is a
common practice in the polymer processing industries.®®"* The effect of included additives
vary greatly depending upon the intended application, and even within the field of nonwovens,
additives can be used to address issues such as: lubricants for the reduction of melt viscosity,
dyes for pigmentation, anti-oxidants or peroxides to limit degradation and flame retardant
compounds.?® Some additive molecules are designed such that they migrate to the surface of
the material and form a region of higher concentration at or near the interface.”>’® These types
of additives are termed “blooming agents” and are particularly effective for applications which
are relegated strictly to the fiber surface, such as control of wetting behavior. The blooming of
surface active molecules to the surface causes an increased concentration of the desired
compound localized at the interface, thus providing increased efficacy while decreasing the

required bulk additive concentration.

While such phenomena are relatively well understood in the literature, the quantitative tracking
of repellency performance with migration behavior, particularly with respect to challenging
fluids such as oils and alcohols, is not as well characterized.”>"” In the case of discharging due
to oil aerosol contact, it has been demonstrated that repellency of these fluids has some

beneficial effect, but this has not been thoroughly demonstrated for alcohols.” 7
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1.3 Organization of Dissertation

The structure for this dissertation will be the presentation of three studies detailing different
phases of the above described effort. The first and second chapters describe the fundamental
efforts to develop coated and additive containing fibers, respectively, and quantitatively
evaluate repellency performance and impact on the nonwoven manufacturing process and
resultant surface properties. The third chapter discusses the filter charging and discharging
processes and establishes relationships between surface chemistry and charge protection as

demonstrated by filtration performance tests.
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2.1 Abstract

A conformal coating system for the preparation of extremely low surface energy nonwoven
fibers substrates was developed by using a sequential assembly approach that combined
changes in surface roughness and physical deposition of low energy molecules. The coating
system exploited hydrophobic interactions between polypropylene (PP) nonwoven substrates
and the hydrophobic domains of soy protein isolate molecules, which act as a uniform,
conformal foundation for further modification. Poly(diallyldimethylammonium chloride)
(polyDADMAC) was bound to the exposed negatively charged residues of soy protein,
forming a positively charged polyelectrolyte surface. Following, negatively charged fumed
silica nanoparticles formed the outermost layer of the coating, providing nanoscale surface
roughness, which was then functionalized by chemical vapor deposition (CVD) with
fluorooctyl triethoxysilane (FOTS). The coating process was characterized by spectrometric
and microscopy techniques that included X-ray photoelectron spectroscopy (XPS), which
confirmed the change in chemical composition of surface-bound compounds after each step of
surface modification. Scanning electron microscopy (SEM) confirmed the surface roughness

and the quality and conformability of the finished coating structure. Resultant surface
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properties of the functionalized coating were quantified by contact-angle goniometry with a
wide range of probing liquids. The results indicated successful superhydrophobic and
oleophobic behavior, with water contact angles > 150° and mineral oil contact angles > 90°.
Moderate increases in the contact angle with some alcohols were also observed. Coatings on
thin films were used as a reference to elucidate the effect of the substrate geometry on

repellency of low surface tension fluids.
2.2 Introduction

The creation of hydrophobic and oleophobic surfaces is a technical challenge that applies to
many different industries, including automotive, consumer electronics, adhesives and many
others. Surfaces that are engineered with the goal of attaining oil and water repellency have
been possible by a myriad of approaches according to the materials in use and design criteria
for the particular field of study. However, repelling ultra low surface energy fluids have not
been as widely studied. Due to their extremely low surface tension compared to water and
many oils, the creation of a surfaces that induces a significantly increased contact angle with
alcohol is extremely challenging. With this in mind, this study sought to utilize many of the
principles developed for superhydrophobic and oleophobic surfaces and apply them to the

unique challenge of alcohol repellency.

As has been shown in the previous literature, there are two primary considerations for the
creation of highly repellent surface properties: combined changes in surface chemistry and
roughness. The use of textiles as a substrate for repellent surface chemistries is advantageous
due to the geometry of the fiber mat, beginning with the seminal works of Cassie and Baxter.

In particular, hierarchical and reentrant geometries are key to the creation of surfaces capable
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of super-oleophobicity and so-called “omniphobicity.”* In an effort to combine the natural
roughness of textile systems, and to engineer hierarchical roughness into these materials, an
organic-inorganic coating method was developed that would bind fumed silica nanoparticles
onto the fiber surface. Surface chemistry was then controlled through facile modification of

surface groups on the fumed silica particles.

Due to the highly engineered and customizable nature of nonwoven materials, they are utilized
in a wide range of technical textile applications. In this case, a meltblown PP nonwoven
material was selected as the substrate to be coated. Polypropylene is commonly used in
nonwoven applications such as electret air filters, medical and industrial protective apparel,
construction materials and home furnishings, among others.® It is extremely difficult to
perform direct surface functionalization of PP, due to the lack of potential sites for chemical
reaction on the polymer backbone. In order combat the inert nature of PP and create a surface
conducive to modification, it is necessary to create suitable sites for the grafting of desired
chemistries. Most frequently this is done through the creation of hydrophilic groups by
oxidation, typically by high energy surface treatments such as plasma, corona, or flame
discharge treatments.>'® While effective, these treatments can significantly alter fiber
morphology and physical properties by polymer degradation. Alternatively, the use of melt
additives or bi-component fiber construction have been developed to achieve many of the same
goals through the selective incorporation of other polymers into fibers, thereby altering fiber
properties. Unfortunately, by moving away from a homopolymer fiber construction, significant
changes to the manufacturing process must be made; therefore, the properties of the nonwoven
fiber mat may be drastically altered. As an alternative to these methods, a surface modification

process was designed that would successfully alter surface properties of the PP nonwoven
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material, without interfering with the manufacturing process and avoiding processing steps,
which would not be feasible at the rapid, roll-to-roll manufacturing speed necessary for

successful nonwovens production.

Soy protein isolate is a widely available material derived from the soybean that is commonly
used in the food processing and health foods industries. Due to its established use in other areas
and highly renewable nature, it is readily available and inexpensive. This is an important
criterion for successful integration into nonwoven product design, which necessitates focus
upon rapid, cheap manufacturing processes. Key to the utilization of soy protein isolate in this
work is the natural biofouling phenomena whereby proteins irreversibly bind to hydrophobic
surfaces.'*2 This phenomena has been observed in many application areas, though it is
typically considered an adverse effect, such as the adhesion of biopolymers to biomedical
devices in the body or surfaces exposed to marine environments. Previous work has
successfully demonstrated the use of soy protein compounds as “activation” layers for further
modification by advantageous biofouling coatings, as a means to circumvent the inert nature

of some polymer substrates. '

The activation of the surface by soy protein opens avenues to multiple modification methods.
Amino and hydroxyl functionalities present in the protein structure have been used as reactive
sites for “grafting-from” polymerization for polymer brush structures with various
functionalities.'® Others have used cellulosic materials as a substrate for layer-by-layer type
coating systems,!’ utilizing ionic interactions between oppositely charged molecules to
generate self-assembled layers in a sequential fashion. As shown in Figure 2.1, in this work we
combine these two concepts, generating a conformal coating of denatured soy protein and

modify it through the use of self-assembled adsorbed layers to create a bio-based hybrid
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coating with beneficial properties. The creation of organic-inorganic coatings has been shown
to be an effective tool for the design of materials and surfaces with unique or improved
properties, through control of both topography and functionality.'® These nanocomposite-type
materials and coatings have found applications in a number of growing fields, including
medical devices,'®?® supercapacitors,?*?® protective coatings,?®?® and others. In particular,
there is great interest in the use of bio-based materials in order to avoid synthetic polymers
derived from petroleum sources. In addition, improved environmental impacts can be gained
due to biodegradability, resulting in bio-based hybrid materials where the organic component

of the material is a biopolymer such as those derived from soy, chitosan, or lignin.2®3!

Substrate Coating Step
Geometry Neat PP Soy protein layer PDADMAC layer Fumed silica layer
 E—— rﬁ‘l
| E—— [ —— | ——
Thin film PP — PP ——— PP +—— PP
Immerse in soy Immerse in Immerse in fumed
Process step isolate solutim; polyDA]?MAC silica solution
solution
Fiber — \ —_— —_— ‘

Figure 2.1: Coating schematic for both flat and fiber substrate geometries, showing the development of self-
assembled layers on polypropylene. Sequential adsorption of unfolded soy protein isolate (green),
polyDADMAC (yellow) and fumed silica (blue) from solutions, results in a dense coating of fumed silica for
further functionalization by CVD approaches.
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Perhaps the most beneficial property of the resulting coated surface is the presence of silane
groups for chemical modification. While many methods for the grafting of chemical moieties
require numerous steps, hazardous solvents or damaging sample preparation methods, CVD of
organosilane groups is a facile process that is safe for many substrates. For the purposes of this
study, fluorooctyl triethoxysilane (FOTS) was selected as a organosilane compound with a
sufficiently large perfluorinated chain to ensure extremely high contact angles with many

liquids, which has been demonstrated to effectively graft through the CVD process.

2.3  Experimental
2.3.1 Materials & Methods.

Water soluble soy protein isolate (Clarisoy 150, Soy Protein Isolate) was obtained from Archer
Daniels Midland (ADM, Decatur, IL). Nonwoven polypropylene (PP) substrates and
metallocene homopolymer PP resin (Metocene MF650X, LyondellBasell, Houston, TX, USA)
for spin coated thin-films were provided by The Nonwovens Institute at North Carolina State
University (Raleigh, NC, USA). Poly(diallyldimethyl ammonium chloride), fumed silica,
fluorooctyl triethoxysilane (FOTS), bovine serum albumin, and isopropyl alcohol (IPA) were
obtained from Sigma Aldrich (St. Louis, MO). Alexa Fluor 555 labeled bovine serum albumin

(BSA) was obtained from Invitrogen (Thermo Fisher Scientific, Waltham, MA).
2.3.2 Preparation of Polypropylene Thin Films

Thin films of PP on silica substrates were prepared by a spin coating method reported
previously.®® In this method, polypropylene was dissolved in 140 °C xylene at a concentration

of 2 mg/mL under constant stirring. The solution was boiled for 2 hours under a reflux
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condenser, utilizing cold tap water as the cooling medium, to prevent the loss of solvent to
atmosphere. While this was being done, silicon substrates were cleaned by submersion in a
30% hydrogen peroxide, 70% sulfuric acid “piranha” etch acid bath for 20 minutes. After
removal from the acid bath, samples were triple rinsed to ensure complete removal of the acid
solution. Just prior to spin coating, the silicon wafers were placed in an oxygen plasma chamber
for 20 minutes to ensure the surface was clean, and to promote adhesion between the PP and

silicon.

The wafer to be coated was then placed on the spin coating rotor, and heated under an infrared
lamp (250W) for several minutes. At this time the reflux condenser was removed from the
polypropylene-xylene solution, and the temperature was dropped to just below the boiling
point to allow for effective pipetting. An infrared thermometer gun was used to assess the
temperature of the surface, and when the temperature had reached approximately 85 °C, about
100 pL of the solution was pipetted onto the center of the silicon surface using disposable glass
pipettes. Immediately after pipetting the spin coater was activated, spinning the substrate at
3000 rpm for 20 seconds, removing any excess solution. After coating, samples were removed
and immediately transferred to an oven, preheated to 80 °C, to remove any excess xylene

overnight.

2.3.3 Preparation of Coating layers

Dispersions were first prepared for each layer of the coating system. The soy protein isolate
dispersion was prepared from a 1.0 mg/ml solution of Clarisoy in Milli-Q water. In order to
enhance adhesion of the soy protein onto the substrate, it was thermally unfolded at 95 °C for

2 hours, under constant stirring by magnetic stir bar. A 0.2 wt% solution of pPDADMAC in
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water was prepared, and stirred continuously to ensure a well-mixed, homogeneous solution.
The fumed silica dispersion was prepared at a 1 wt% concentration in isopropanol, and stirred

continuously.

PP nonwoven and thin films were first treated with IPA to facilitate wetting in subsequent steps
involving treatments from aqueous dispersions. Small, roughly 1 inch square samples of
nonwoven PP were cut and placed into a beaker of IPA and stirred by magnetic stir bar for 20
minutes to allow wetting in subsequent aqueous solutions. In the case of thin film samples, PP
coated wafers were soaked in IPA, but not stirred. The samples were then rinsed by sequential
submersion in two baths of purified water, taking care to drain as much liquid from the samples
as possible before moving to the next bath. After the second rinse step, the samples were
transferred directly to the previously described Clarisoy solution. Adsorption of denatured soy
onto the PP substrates occurred under constant stirring by magnetic stir bar. After 30 minutes
of adsorption, the samples were removed from the solution, rinsed thoroughly by immersion
in a beaker of water with mild agitation, and transferred to the pDADMAC solution.
Adsorption of the pPDADMAC was carried out under constant agitation as well, for a duration
of 20 minutes, before rinsing as in the previous step. Lastly, the samples were submerged in
the fumed silica solution and stirred for 1 hour to encourage uniform and complete coating

coverage. Samples were then rinsed and placed on a Teflon sheet to dry overnight.

After the samples dried completely, they were placed into a simple glass reactor for the
chemical vapor deposition of the FOTS molecule. The glass reactor, shown in Figure 2.2,
included a vial loaded with a small quantity of FOTS (50 — 100 pL, depending upon the number

of samples) which was placed at the bottom of the reactor. A metal mesh was compressed into
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the reactor to form suspended sample holders in the head space of the reactor chamber, and
samples were arranged on the mesh such that they did not overlap. Multiple layers of mesh
were used to increase sample loadings for some experiments, as depicted in the schematic. The
reactor was sealed and then placed in an oven at 125 °C for 2 hours. At this time the reactor
was then removed from the oven and opened in a fume hood to vent the remaining FOTS
vapor. After the vapors clear (about 30 seconds), the vial of FOTS was removed, the reactor
resealed, and placed back in the oven for an additional hour in order to re-vaporize any
unbound FOTS from the reactor assembly and samples. The reactor was then vented in the

fume hood again, and the samples removed.
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Figure 2.2: The reactor chamber used for the CVD functionalization process (A) was composed of a sealed
glass jar with a small volume of FOTS contained in a vial. When vaporized, the FOTS molecule (B) reacts with
siloxane surface of the fumed silica surface of the previously coated samples. Samples are suspended in the jar

by steel mesh platoforms for maximum exposure to the FOTS vapor.
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2.3.4 Scanning Electron Microscopy

Coating uniformity was evaluated visually through the use of scanning electron miscroscopy.
Images were captured on the Verios High Resolution SEM at the AIF. Various beam conditions
were used to capture images of the different samples generated as a part of this effort. Thin
film coatings were imaged at a voltage of 2 kV and 13 pA at a working distance of 4 mm. In
order to avoid charging of nonwoven samples during imaging, low current of 3.1 pA was used
at a voltage of 3 kV, and the higher working distance of 6 mm. All images were captured using

the Through Lens Detector.
2.35 Fluorescence Microscopy

Adsorption of proteins onto PP nonwovens was qualitatively evaluated using fluorescence
microscopy. Bovine serum albumin (MW 67 000 Da, isoelectric point (pl) 4.7) labelled with
Alexa Fluor 555 fluorescent dye was purchased from Invitrogen.®* The fluorescent BSA
molecule was considered to be a suitable analog for soy protein, insofar as surface adsorption
through physical interactions of hydrophobic residues after denaturation should be consistent
between the two molecules. Nonwoven PP samples were treated with IPA to promote wetting,
placed into a dilute solution of Alexa Fluor 555 tagged BSA (approximately 10 pg/mL).3* The
solution was then stirred for 30 minutes, before rinsing and drying overnight. Samples were
imaged using an excitation wavelength of 555 nm and images were captured on a fluorescence

microscope using the standard TRITC filter set.
2.3.6 X-Ray Photoelectron Spectroscopy

Coated nonwoven substrates were characterized by XPS. Analysis was performed on a SPECS

system with PHOIBOS 150 Analyzer at the Analytical Instrumentation Facility (AIF) at NC
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State University (Raleigh, NC). The analysis was done using a Mg Ko x-ray source operated
at 300 W (10 kV and 30 mA) and at room temperature and pressures in the 10 Torr range or
lower. Survey scans were collected from 0 to 1100 eV and atomic compositions were derived

from peak areas with Shirley backgrounds using CasaXPS processing software version 2.3.16.
2.3.7 Contact Angle Goniometry

To evaluate repellency of both flat and nonwoven substrates, initial sessile drop contact angles
of water and other solvents were measured using an SEO Phoenix 300 Goniometer (Surface
Electro Optics, Suwon City, South Korea). Measurements were performed at room
temperature. Images were captured by the manufacturer provided frame grabbing software
“Image XP”, and contact angle analysis was performed using “Image]” image processing
software with the “DropSnake” analysis plugin. Solvents with varying surface tensions used
for quantifying repellency towards oils and alcohols included IPA, dodecane, ethylene glycol,
octane, hexadecane, hexane, and mineral oil. Due to the porous nature of nonwoven materials,
reported contact angles for these materials are apparent contact angles and cannot be directly

related to the surface energy of the coating.
2.4  Results and Discussion
24.1 Surface Morphology of Coating Layers

Alexa Fluor 555 tagged BSA proteins were unfolded and adsorbed onto PP nonwovens
according to the same procedure used for unlabeled soy protein. The images in Figure 2.3
illustrate the coating of nonwoven fibers with denatured proteins. Figure 2.3C, at 40X
magnification, shows the conformal nature of the coating, as the light emitted by the

fluorescent dye clearly outlines each individual fiber, matching the visible spectrum image
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shown in Figure 2.3B. Fibers which are too deep into the fiber mat, or that rise above the
surface of the mat, become out of focus and the diffuse light is not as easily detectable at this
high magnification, however Figure 2.3A shows the same sample at lower magnification
(10X). While individual fibers are not visible, it is clear that the proteins are uniformly
distributed throughout the nonwoven, as there are no significant, visible irregularities in

brightness of the fluorescent image.
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Figure 2.3: Fluorescence microscopy images of BSA coated nonwovens (A) show at low magnification
uniformity of unfolded protein adsorption on fiber surfaces. Individual fibers are shown at high magnification
(B) under visible spectrum illumination, and (C) dense coating of individual fibers with protein is demonstrated
through excitation of fluorescent dye under TRITC filter.
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Throughout the coating process, reference thin film samples on spun-coated silica substrates
were used to monitor the evolution of each coating layer. In Figure 2.4 we see the water contact
angle of the coating after each phase of deposition. The adsorption of soy protein isolate causes
an immediate reduction in contact angle to approximately 45°. This agrees with the proposed
hydrophobic interaction binding mechanism, which would result in hydrophilic moieties of the
substrate bound protein species being left exposed at the interface. After the subsequent
adsorption of polyDADMAC, the surface remains moderately hydrophilic as expected.®>% The
silica surface is extremely hydrophilic, and therefore exhibits the lowest contact angle of all
the coating layers, prior to functionalization with the FOTS molecule, which produces a
superhydrophic surface. These values align with expectations from the literature for a cohesive
layer of the appropriate materials, verifying the integrity of the coating process

throughout.16-37:38
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PP Soy pDADMAC  Si02 FOTS
Coating Surface

Figure 2.4: Water contact angle of the polymer thin film is monitored throughout the coating process. Contact
angles are highly repeatable and representative of the bulk material properties, indicating good uniformity of the

coating. Of note are the moderately hydrophobic neat PP surface, hydrophilic silica surface and
superhydrophobic FOTS-modified silica of the final product.
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Confirmation of the resultant nanoparticle coatings was obtained via SEM. Figure 2.5 shows
the completed coating on thin film samples and nonwoven PP substrates. On the flat substrate
(top) we see that the coating of nanoparticles on the surface is dense; however, it is also shown
at higher magnifications (top-right) that the coating formed on the flat substrate is subject to
aggregation of the particles into nanoscale clusters. This creates a heterogeneous, non-uniform
surface that may have nontrivial impact on coating properties. Coatings on nonwoven
substrates were also investigated in this manner. The low magnification images (bottom-left)
illustrate the highly conformal nature of the coatings on fibers. Each fiber is shown to be
uniformly coated, with minimal webbing between fibers. The high magnification image
(25000X, bottom-right) shows the extremely dense coverage of nanoparticles on the fiber
surface. The aggregation of particles which was shown on flat substrates does not present itself
on the surface of the fibers. Most significantly, it is clear from these images that the generation
of an extremely rough, nanoscale coating, with the potential for reentrant curvature has been

generated.
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Figure 2.5: SEM images of complete sequentially deposited coatings generating dense fumed silica surface
decoration on flat silica surface, at low (A) and high (B) magnification. The same coatings, on nonwoven
polypropylene meltblown fabrics, result in highly conformal and dense silica decoration, imaged here at low (C)
and high magnification (D).
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2.4.2 Surface chemical composition

The chart in Figure 2.6, and numerical data in Table 2.1, show the change in surface chemical
composition through XPS. Over the course of the formation of the complete coating, each layer
of the coating was characterized on the nonwoven substrates. The initial scan (A), shows the
composition of the neat PP nonwoven substrate, with a single carbon 1s peak at 285 eV. After
the adsorption of soy protein isolate (B), XPS reveals the added presence of oxygen and
nitrogen containing molecules at the interface by peaks at 400 eV (N 1s) and 532 (O 15s),
characteristic of naturally occurring protein compounds. With the addition of bound
pDADMAC onto the soy-coated fibers (C), a small peak at 197 eV (Cl 2p) indicates the added
presence of chlorine atoms. The addition of fumed silica nanoparticles generates silicon peaks
at 104 eV (Si 2p) and 155 eV (Si 2s), as well as significantly increased intensity of the oxygen
peak at 532 eV (O 1s) and 26 eV (O 2s). Lastly, the modification of the silica nanoparticles by
the FOTS CVD process introduces significant peaks at 690 eV (F 1s) and 36 eV (F 2s) resulting
in a final compositional analysis of approximately 40% C, 15% O, 9% Si, 2% N, and 34% F.
This final composition, due to its deviation from the structure of the pure FOTS molecule,
illustrates the heterogeneity of the coating within the penetration depth of XPS. As each layer
is composed of various geometries and thicknesses, at each stage of this XPS analysis it was
clear that scans were sensitive to the presence of prior layers and the compositions calculated

represent this sensitivity.
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Table 2.1: Atomic composition values of coating after each processing step as measured by XPS.

C|O|N |[CI|Si|F
Neat PP 991 |0 |0 |O |O
Soy lIsolate 781157 |0 |0 |O
pDADMAC 7711319 |2 |0 |0
Fumed Silica |53 312 |4 [11]|0
FOTS 4311613 |0 |6 |32
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Figure 2.6: Changes in atomic composition of nonwoven coating after each sequentially deposited coating step
as measured by XPS.

38



2.4.3 Wetting with fluids of different surface tensions

Contact angles of a range of fluids on both flat and nonwoven substrates were tested. In order
to best illustrate the impact of both the nonwoven geometry and the FOTS coating on the
apparent contact angle of the solvents, three substrates were evaluated. Neat PP thin films were
prepared on silicon wafers to establish a baseline contact angle for the solvent. Coated thin
films resulting in a FOTS modified 2D surface demonstrate the impact of the change in surface
energy alone on the resultant contact angle of the solvent. Coated nonwovens illustrate the
impact of hierarchical roughness by comparing the solvent apparent contact angle and the true

contact angle on the flat substrate with the same chemistry.

The resulting data from these tests, shown in Figure 2.7, shows that there is a significant
improvement to the repellency behavior of the substrate due to changes in both surface energy
and morphology as a result of the coating system. Surface chemistry of course plays a critical
role; in several cases solvents which completely wetted a neat PP surface had contact angles
of 45° or more after coating. Roughness, as expected, plays a critical role in determining
repellency. In the case of water, which PP readily repels prior to coating (contact angle of
~140° on nonwoven substrate), the FOTS chemistry provided additional benefits as far as
repellency, increasing apparent contact angles up to 150°. Low challenge solvents such as
ethylene glycol (47.7 mN/m) and ethylene glycol-water mixtures (between 50 and 65 mN/m)
showed significant gains in repellency due to the introduction of both hierarchical roughness
and changing surface chemistry. The introduction of the FOTS chemistry was similarly
significant to the repellency of more challenging solvents, though efficacy of the treatment

varied more greatly from liquid to liquid. Oleophobicity toward mineral oil (30 mN/m) was
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drastic, resulting in overall increase of contact angle from 13° (for flat PP substrate) to 117°

(for FOTS coated nonwoven substrate).
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Figure 2.7: Contact angle linearized as 1-cos( 9 ) for a range of test fluids and mixtures. Contact angles shown
were measured on: control substrates (neat PP, black); flat, coated thin-film substrates (red); and coated
nonwoven mats (blue). Below surface tension values of 30 mN/m apparent contact angles on nonwoven

substrates were unmeasurable due to droplet wicking.
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Alcohol repellency proved to be significantly more challenging. IPA repellency of neat PP was
minimal, having an average contact angle of 18°, comparable to the contact angle of mineral
oil. However, upon coating the FOTS surface only yielded a 2x increase in contact angle to
35°. As a result, the additional repellency afforded by hierarchical roughness due to the
nonwoven substrate was not sufficient to significantly increase contact angle. As shown in
Figure 2.7, for IPA and other low surface tension fluids, when the apparent contact angle
approaches 90° or less, droplets wick through the substrate and apparent contact angle becomes

unmeasurable.

While the requirements for achieving true omniphobicity (contact angle of >90° with all fluids)
are not met by these results, many advantages of this method are worth noting. The large
majority of omniphobic surfaces reported in the literature require either the use of labor
intensive microfabrication methods for the creation of reentrant nanostructures®**° or to
synthesize molecules unavailable for industrial use.***2 With this method, we achieve
significant increases in contact angle against a wide range of fluids while utilizing facile
coating methods and commercially available components. This is illustrated effectively in
Figure 2.8. Here, three surface preparations are represented in schematic form, and paired with
their respective contact angles for a sessile droplet of mineral oil. Mineral oil is an example of
a challenging fluid to repel, due to its low surface tension of 31 mN/m. As such, the static
contact angle of mineral oil on a neat PP thin film substrate was shown to be very small,
approximately 10°. However, after the application of the proposed, sequentially deposited
surface coating, the static contact angle of mineral oil on the flat substrate increased to 60°.
Further improvement still was shown for nonwoven web substrates, where the porous web

structure and low surface energy of the FOTS modified surface together yield a chemically
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heterogeneous interface. The result is a highly repellent nonwoven substrate, exhibiting an

apparent contact angle with mineral oil of 120°.
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PP PP
Neat PP Thin-film FOTS coated FOTS coated
PP thin-film system Non-woven PP system
~10° ~ 60° ~120°

Mineral Oil Contact Angle
Figure 2.8: Schematics of test substrates with contact angle of mineral oil on neat PP thin film substrates (left),

FOTS modified coating of PP thin film substrates (center) and FOTS modified coating of nonwoven PP
substrates (right).
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While wicking of extremely challenging fluids such as isopropanol (21.1 mN/m), octane (22.6
mN/m) and hexadecane (29.7 mN/m) prevents the demonstration of similar improvements to
apparent contact angles on nonwoven substrates, significantly improved repellency was
observed on flat substrates nonetheless. When comparing results between flat, neat PP
substrates and those which have been prepared with the FOTS coating, it was found that the
isopropanol contact angle improved from 18.2° to 34.8°, a 91% improvement. More significant
is the result observed for octane and hexadecane, which both wet neat PP completely (~0°
contact angle), but exhibit contact angles of 31.1° and 59.2° respectively on the treated surface.
This is a promising result which indicates that many extremely challenging fluids could be
repelled by similar compositions with only minor optimizations. Rougher surfaces, generated
through the use of larger fumed silica particles, mixtures of large and small particles, or through
a multilayered sequential deposition could have beneficial effects on observed contact angles
for all fluids. Additional optimizations to the nonwoven fabric such as fiber size, fiber shape,
or web solidity would likely have further beneficial effects as well and could be a worthwhile

are for further research.

25 Conclusions

In this work, we have demonstrated the use of self-assembly techniques to modify highly inert
polyolefinic substrates. The extremely low surface energy molecule, FOTS, was successfully
grafted onto the completed coating, yielding nonwoven substrates which exhibit highly
repellent surface behavior. It has been shown that these coatings increase the contact angle of
a wide range of solvents due to the combination of highly fluorinated surface chemistry and
multi-scale “hierarchical” roughness, when used to coat nonwoven substrates. Though

extremely low surface tension fluids do not show a measurable apparent contact angle on the
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nonwoven surfaces tested, it is clear that by further optimizing the chemistry and scale of the
geometries involved that improvements may be made toward the achievement of truly

superoleophobic surfaces and increased alcohol repellency.
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Figure 2.9: Isolated characteristic peaks for elements of interest from XPS survey scans of sequentially coated
PP nonwovens. In each sub-plot the XPS signal for each peak is shown with multiple curves. Color of the curves
indicates the surface layer of the coating: neat polypropylene with no coating (black), soy coated polypropylene
(red), polyDADMAC surface over preceding layers (blue), fumed silica over preceding layers (magenta), and
FOTS modified complete coating (green).
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CHAPTER 3. CHARACTERIZATION OF FLUOROCHEMICAL MELT ADDITIVE
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3.1 Abstract

When customizing the properties of polymer surfaces, the use of bulk polymer melt additives
is a facile, industrially relevant method for many different applications. These melt additives,
when blended with polymers prior to melt spinning, migrate to the fiber surface and influence
surface energy and therefore repellency behavior. While the use of bulk polymer melt additives
to impart hydrophilicity or oleophobicity is well studied, the impact of the fiber formation
process on additive migration and resultant repellency of nonwoven media products is not fully
characterized. In this work we have produced meltblown nonwovens containing
fluorochemical melt additive, and established methods for their characterization. Fiber
formation was monitored through the use of Scanning Electron Microscopy (SEM) by
characterizing changes in median fiber size due to changing processing parameters and
additive content. The additive migration process was quantitatively evaluated by X-ray
Photoelectron Spectroscopy (XPS) and time-of-flight secondary ion mass spectroscopy (ToF-
SIMS). Contact angle goniometry was used to evaluate apparent contact angles of isopropyl

alcohol solutions on nonwoven fiber mats. Migration of additives was monitored over several
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months, allowing for the evaluation of compositional changes over multiple timescales. This
changing composition was then related to repellency of alcohol solutions via contact angle
data. By collecting composition and contact angle data in tandem, it was found that for the
samples tested a fluorine to carbon ratio of 0.35 was sufficient to prevent wicking of
isopropanol droplets. In other tests it was demonstrated that migration of additives is key to
performance of samples with low additive loadings, and that these phenomena are heavily
influenced by many nonwoven manufacturing parameters including fiber size, die-to-collector

distance, and polymer resin melt flow rates.
3.2 Introduction

Modification of polymer interfaces for surface energy control is a critical challenge for many
industries where liquid compatibility or repellency is required. Many different approaches have
been established in the literature for various applications, whether they require
hydrophilicy/phobicity, oleophilicity/phobicity, or more specific targeted wetting behavior.
Such approaches include surface coatings,* direct chemical modification, and the inclusion
of bulk additives.> Depending upon the specific chemistry of the application, each approach
has significant advantages and disadvantages which might influence the design process. The
use of surface coatings or chemical modification after manufacturing of the nonwoven media
have been demonstrated to varying levels of effectiveness; however, these methods require
additional processing steps during the manufacturing process, and depending upon the
chemistry used can pose additional concerns such as requiring the use of harsh chemicals,

limited durability of coatings, and others.

52



In the case of nonwoven polymer textiles, the considerations of processing speed, cost
effectiveness, and uniformity place tight constraints on the surface functionalization process.
Because of this, the use of bulk polymer melt additives have been established as a facile,
industrially relevant method for surface energy control in extruded fibers.®® Melt additives,
which are blended with the base polymer during the compounding and extrusion process, are
immiscible in the polymer bulk to some degree and therefore segregate to the surface,
influencing interfacial properties.®° The process of surface segregation of partially immiscible
polymer mixtures is well understood in the literature, whether considering the formation of
phase separated block copolymer mixtures!*~2 or surface active small molecule or nanoparticle
additives'* 8, though the large majority of these studies were performed on films. Of those
studies performed on fibers, very few are conducted on meltblown nonwoven systems, as
research is most frequently conducted on small scale fiber production systems, such as
electrospun fiber mats.'”'° While the research on electrospun fibers is of great value, the
difference between fibers formed through solvent casting and melt-spinning processes is not
insignificant; and as will be shown in the results from this effort, fiber size has significant

impact on the migration process.

Due to the low concentrations of additive used in these applications, surface concentrations of
the additive can be significantly elevated compared to the bulk, thereby achieving the desired
functionality without significantly changing the bulk polymer properties. This phenomenon
allows for the creation of fiber surfaces with controlled wettability useful in many industries,
including protective medical garments, consumer textile garments, oil spill cleanup materials,

self-cleaning materials, and filters.202
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There are commercially available bulk polymer additives, including those for increased
repellency toward various liquids.?>® While these products have demonstrated effectiveness,
questions remain surrounding the observed migration phenomenon of surface active small
molecules in polymer matrices. Though the process of migration of low surface energy additive
species is well known, the impact of additive migration and correlation of nonwoven
meltblown processing parameters on resultant product design has not been fully characterized
in the literature.?®?” In this work we seek to explore the interconnected considerations of
additive loading and migration effects with traditional nonwoven manufacturing parameters

and their impacts upon repellency of nonwoven products.
3.3 Experimental
331 Materials & Methods.

Nonwoven substrates were prepared from metallocene homopolymer PP of two different melt
flow rates (MFR) (MF650W, 500 MFR and MF650X, 1200 MFR, LyondellBasell, Houston,
TX) and a small molecule, fluorochemical melt additive “HydRepel A-204M” (Goulston
Technologies Inc., Monroe, NC) at 20% concentration in 1200 MFR polypropylene
masterbatch. Both were provided by The Nonwovens Institute at North Carolina State
University. Research grade, 99.9% pure isopropyl alcohol (IPA) was obtained from Sigma

Aldrich (St. Louis, MO) for alcohol repellency testing.
3.3.2 Meltblown Nonwoven Manufacturing

Samples for experimentation were manufactured on both a small scale research line and a pilot
scale manufacturing line. The first set of samples were prepared using the Biax Meltblown

Research Line with a 38 cm width Biax die with a total of 368 holes. The die temperature was
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held at 220 °C, and high pressure air for fiber attenuation at the die was heated to 180 °C.
LyondellBasell MF650W, 500 MFR polypropylene was mixed with additive containing
masterbatch pellets, then loaded into the hopper of the Biax system at designated
concentrations. As shown in Table 3.1, processing parameters including air pressure, polymer
throughput, and die-to-collector distance were varied to assess their impact upon additive
performance and migration. The second set of samples were prepared using the Reicofil
Meltblown Pilot Line with a 1.3 meter, 35 hole per inch (HPI) Exxon die and polypropylene

polymer resins of two melt flow rates.

Of the samples prepared using the Reicofil system, the first study, shown in Table 3.2, was
conducted with varying die-to-collector distance and additive concentrations, in order to more
thoroughly understand the influence of these parameters on repellency performance of

nonwoven samples in an industrially relevant manufacturing process.

The second study, detailed in Table 3.3, utilized a 1200 MFR polypropylene resin, compared
to the 500 MFR polymer used in the previous study. The change in flow rate of these resins is
largely attributed to changing molecular weight of the polymer; this allows for the
characterization of molecular weight effects on the migration and repellency behavior of the
resulting nonwoven webs. Run parameters were constrained to match the previous, 500 MFR
manufacturing run wherever possible in order to enable comparison between the two materials,
however necessary adjustments to die and air temperature were made to ensure that high
quality and representative samples were produced. Air flow rate was also varied between the
1100 m3/h set point used in the first study and a lower 800 m®/h value to establish a wider
range of fiber diameters among the samples generated. In order to limit the size of the design

of experiment for the high MFR samples, additive concentration was limited to 1.6% or lower,
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as this was the region that had shown the most significant response to variable processing

conditions in the previous study.
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Table 3.1: Biax Research Line Conditions

Biax Meltblown Research Line Run Conditions
Die Temperature 220 °C
Die Air Temperature 180 °C
Die Air Pressure 55.2 kPa (8 PSI) | 75.8 kPa (11 PSI)
Throughput 24keg/h 45kg/h
Die-to-Collector Distance 30 cm 40 cm
Die 38 cm, 368 holes
Die Capillary Diameter 508 pm
Additive Concentration | 0.0% | 1.2% | 1.6% | 2.0%

Table 3.2: Reicofil Pilot Line 500 MFR Run Conditions

Reicofil Meltblown Pilot Line Run Conditions

Polymer LyondellBasell MF650W (500 MFR)
Die Temperature 240 °C

Die Air Temperature 255 °C

Die Air Flow Rate 1100 m3/h
Throughput 53 kg/h
Die-to-Collector Distance 15 cm 40 cm

Die Exxon (35 HPI)

Die Capillary Diameter 400 pm

Additive Concentration

0.0% [0.6% | 1.2% | 1.6% | 2.0% | 4.0%
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Table 3.3: Reicofil Pilot Line 1200 MFR Run Conditions

Reicofil Meltblown Pilot Line Run Conditions

Polymer LyondellBasell MF650X (1200 MFR)
Die Temperature 220 °C

Die Air Temperature 235 °C

Die Air Flow Rate 800 m3/h ‘ 1100 m3/h
Throughput 53 kg/h
Die-to-Collector Distance 15 cm 40 cm

Die Exxon (35 HPI)

Capillary Diameter 400 pm

Additive Concentration

00% | 06% | 12% | 16%
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3.3.3 X-Ray Photoelectron Spectroscopy

Surface composition of nonwoven substrates with fluorochemical melt additive were
characterized by XPS. A portion of nonwoven web from each experiment were stored in the
freezer at -20 °C immediately after manufacturing, effectively stopping additive migration. For
samples analyzed with respect to migration time, the reported time is measured as time since
removed from the freezer. Migration was allowed to occur on the laboratory benchtop, where
conditions were typically 20 °C and 30% relative humidity with moderate variability.
Compositional analysis was performed on a SPECS XPS system with PHOIBOS 150 Analyzer
at the Analytical Instrumentation Facility (AIF) at NC State University (Raleigh, NC). The
analysis was done using a Mg Ko x-ray source operated at 300 W (10 kV and 30 mA) with
vacuum chamber at room temperature and pressures in the 10 torr range or lower. Survey
scans were collected from 0 to 1100 eV and atomic compositions were derived from peak areas

using CasaXPS processing software version 2.3.16.
3.34 Contact Angle Goniometry

To evaluate repellency of nonwoven substrates, sessile drop contact angles of water, IPA, and
water/isopropanol mixtures were measured using an SEO Phoenix 300 Goniometer (Surface
Electro Optics, Suwon City, South Korea). Images were captured by the manufacturer provided
frame grabbing software “Image XP”, and contact angle analysis was performed using
“Imagel)” image processing software with the “DropSnake” analysis plugin. Due to the porous
nature of nonwoven materials, reported contact angles for these materials are apparent contact

angles and cannot be directly related to the surface energy of the fiber.
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3.35 ToF-SIMS

Cross-sectional images of fiber composition were obtained through the use of the ION-TOF
ToF-SIMS instrument at the Analytical Instrumentation Facility (AIF) at NC State University.
Bundles of nonwoven fibers and individual fiber samples were encased in an epoxy matrix.
The epoxy blocks containing fiber mats were then cut perpendicular to the fiber direction using
a microtome to create cross-sections that could be analyzed. Samples composed of nonwoven
fiber bundles generated more feature rich images, but in some cases wetting of the bundle
interior by the epoxy proved to be infeasible, and for those samples individual fibers were

removed from the bundle and encased separately.

3.3.6 Scanning Electron Microscopy

Fiber diameter was evaluated through the use of scanning electron microscopy. Images were
captured on the Verios High Resolution SEM at the AIF. In order to avoid charging of
nonwoven samples during imaging, samples were sputter coated with 50 nm of gold using the
Hummer 1l sputter coater at the AIF. Images were captured at 13 nA and 2 kV using the
Everhart-Thornley Detector in secondary electron mode, at a working distance of

approximately 8 mm to maximize depth of field.

3.4 Results and Discussion

34.1 Fiber Size Analysis

The first consideration to properly understand the influence of additive content on the fiber
formation process was to evaluate the effect of meltblowing processing parameters on fiber

diameter. Figure 3.1 compares the effect of process parameters which were controlled during
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nonwoven manufacturing on fiber diameters of meltblown samples produced with Biax lab
line. Die-to-collector distance is shown to have no impact on the median fiber diameter, as
expected. Increased air pressure is shown to decrease fiber diameter due to greater fiber
attenuation, and increased polymer throughput yields substantially increased fiber sizes. Most
interesting is the top-right chart in Figure 3.1, where the influence of additive concentration on
fiber diameter is shown to be negligible. For this reason it is reasonable to assume that small
amounts of additive loading would not significantly alter relevant polymer melt properties such

as viscosity or crystallization temperature.
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Figure 3.1: Characterization of the influence of processing parameters on resulting nonwoven web formation by
median fiber diameter analysis. Median fiber diameter of samples was shown to be independent of additive
concentration (B) in the range tested, and to be moderately impacted by air pressure (A) and polymer
throughput (D), and unaffected by DCD (C), as expected.
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3.4.2 Additive surface migration characterization

In an effort to quantitatively track the surface concentration of fluorochemical melt additive in
the sample, we utilized XPS and carefully controlled the migration state of the samples being
measured. Figure 3.2A demonstrates the quantification of additive migration by XPS through
the comparison of two sets of samples: samples which have not experienced any appreciable
additive migration post manufacturing (pre-migration, in red), and samples which have been
stored at room temperature for six months and can be considered fully migrated (equilibrated,
in black). A few principles are clearly illustrated by this analysis. First and foremost, control
samples containing only polypropylene and no additive are free from contamination and
reliably contain no fluorine down to the detection limit of XPS (<0.1 at%). Second, migration
is shown to play a significant role in determining surface fluorine concentration, independent
of initial bulk additive content. In each case, the equilibrated samples have demonstrably larger
F/C ratio values than the pre-migration samples; however, the magnitude of the increase in
fluorine content due to migration is significantly greater when initial bulk additive content is
lower. Third, the diminishing effects of additional additive content beyond moderate loadings
are observed both before and after migration. This is confirmed in Figure 3.2B, which shows
the kinetics of the process over the first 72 hours of migration after manufacturing. Here, once
again it is clear that samples containing either 1.6% additive or 2.0% additive exhibit
significantly higher surface concentration of additive, but the difference between the two is
negligible. While there is some noise in the data (representative error bars are shown on only
two points for clarity) it is clear that the sample with the lowest initial additive loading (1.2%)
shows relatively rapid increase in surface fluorine content when compared to the higher initial

additive loadings which show limited migration on the short time-scales investigated here. This
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is most likely due to additive saturation of the interface. As the mechanism for migration is
most likely random movement of small molecules within the non-crystalline domains of the
PP fiber, increased loading at the interface would significantly inhibit the movement of

additional additive molecules to the surface.
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post-manufacturing.
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3.4.3 Dependence of Repellency Performance on Surface Composition

The result of increased fluorine content at the surface is invariably increased repellency
towards water and alcohol containing solutions. In an effort to elucidate the direct correlation
between increased surface content of fluorine containing moieties, contact angle data was
collected via sessile drop contact angle goniometry. For this study, we conducted XPS tests
where multiple samples from the Biax small scale meltblown line had been permitted to
migrate, yielding increased F/C ratio measurements over time. Samples were then tested to
determine water and alcohol contact angle values over the same intervals. In this manner, it
was possible to determine thresholds for repellency as values in F/C ratio data where droplet
wicking ceased and a stable “apparent” contact angle was observed for the substrate. As shown
in Figure 3.3, the threshold for repellency is directly correlated with the decrease in surface
tension associated with increasing alcohol content of the probing solution. While both pure
water and 25 vol% IPA in water solution do not wick through the nonwoven substrate when
the surface is effectively pure polypropylene (F/C ratio approaches zero), an associated
reduction in the contact angle of the droplet is shown for the lower surface tension, 25%
isopropanol solution. Further reduction of the surface tension of the solution through increased
isopropanol content causes wicking to occur at low fluorine surface concentrations. A 50%
isopropanol solution requires at least 0.16 fluorine atoms per carbon at the interface before
wicking is prevented and an apparent contact angle is observed; while a 100% IPA test requires

an F/C ratio approaching 0.2 or more before wicking is prevented.
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Figure 3.3: Apparent contact angle of isopropanol/water mixtures were measured as a function of surface
fluorine content of nonwoven webs. Data was drawn from samples of varying bulk additive concentrations (as
indicated by symbol shape according to the inset legends), and each were allowed to migrate to generate a range
of samples with increasing F/C ratios. Both pure water (blue) and 25% isopropanol solution (green) droplets
were supported by the web without wicking at all F/C ratios, while 50% (red) and pure (black) isopropanol
droplets wick through nonwovens with insufficient surface concentration of fluorine.as indicated by dashed

lines.
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3.4.4 High-resolution investigation of cross-sectional composition by ToF-SIMS

We have also developed, for the purpose of characterizing additive distribution, the use of ToF-
SIMS on cross-sectional samples of fibers in an epoxy matrix. In these experiments we
visualize the concentration of additive within the fiber, and by creating overlays with scans of
ions characteristic of the epoxy matrix, understand the impact of migration on composition at
the interface. In Figure 3.4, an example of this analysis is shown for Reicofil meltblown
samples that have been allowed to fully migrate. The total signal across all analyzed fragments,
as well as the individual scans for the characteristic ions for both the fluorocarbon melt additive
and epoxy are shown in Figure 3.4A-C. The overlay of the F (green) and C3NO" (yellow) in
Figure 3.4D clearly illustrates the migration phenomenon. Here we see significantly increased
concentrations of fluorine at the fiber-epoxy interface, and the generation of a depletion zone
between the core of the fiber and the surface. This is represented in another way in Figure 3.4E-
F where line scans of the characteristic ions have been drawn across fiber cross-sections. In
these examples, we again see the sharp contrast between the pure epoxy surrounding the
polypropylene fiber, and the fluorine containing, additive-rich surface of the fiber. The sharp
decrease in detected counts of C3NO"ions occurs in conjunction with local maxima in detected
counts of F~ ions. Fluorine ion counts decrease for 3-5 um before increasing again through the
core of the fiber. The size of the fiber “core,” where additive content as measured by fluorine
ion counts remains at levels comparable to that detected at the interface, seems to depend
mainly upon the fiber diameter. The depletion zone, formed by the movement of additive
molecules to the surface without equivalent replacement by migration from the bulk, appears

to remain constant, independent of fiber diameter.
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In contrast, when migration is not allowed to occur, the segregation of additive to the surface
is only observed in the smallest fibers, as shown Figure 3.5. These pre-migration samples,
prepared through the encapsulation of individual fibers as opposed to the bundled fibers shown
in Figure 3.4, do not exhibit the formation of a depletion zone after surface segregation of
additive in moderately sized fibers more than a few um in diameter. Instead, we observe the
same core additive containing bulk polymer, without the interfacial fluorine content shown in

the previous example.

The difference between the pre-migration and fully migrated samples illustrated in Figure 3.4
and Figure 3.5 corroborates the surface changes observed through XPS, and yields additional

insight into the changing internal composition of the fiber.
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Figure 3.4: Cross-sectional view of migrated, low DCD, Reicofil nonwovens with 4 wt% additive (F/C ratio =
0.56) by ToF-SIMS. (A) Total ToF-SIMS signal across all ions, (B) Concentration of characteristic epoxy
matrix ion, (C) Concentration of fluorine (characteristic additive ion), (D) Overlay of characteristic epoxy and
additive scans (F in green, C3NO in yellow), (E) and (F) composition line scans of fibers (as indicated in D), F
(red) and C3NO (blue). The concentration of fluorine at the fiber surface observed here as an outline or halo
structure is a clear indication of significant migration of the surface. Also demonstrated here is the formation of
a depletion zone with significantly lower fluorine content in the volume of fiber between the core and surface.
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Figure 3.5: Cross-sectional view of unmigrated, low DCD, Reicofil nonwovens with 4 wt% additive (F/C ratio
=~ 0.21) by ToF-SIMS. (a) Concentration of fluorine (characteristic additive ion) (b) Overlay of characteristic
epoxy and additive scans (F in green, CsNO" in yellow) (c) Concentration of characteristic epoxy matrix ion,

(d) and (e) composition line scans of fibers (as indicated in C), F~ (red) and C3sNO" (blue). The concentration of

fluorine at the fiber surface is only observed here in the case of very small fibers with short migration distances.
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3.45 Effects of processing parameters on migration
3.45.1  Die-to-collector distance

While migration time is a significant driving force for the changing composition of the surface,
it is clear that other factors also play a role, including fiber size and certain manufacturing
parameters. Among the parameters tested, the most significant impact on migration state was
found to be the die-to-collector distance used during the manufacturing process. This is shown
in Figure 3.6 where unmigrated samples manufactured at 40 cm DCD exhibited as much as a
three-fold increase in initial surface concentration compared to samples prepared at lower
DCD’s. This is likely due to significant changes in the thermal environment for fiber formation
under different DCD conditions. When the DCD s large, the duration of the fiber formation
process is extended, and fibers remain in the melt phase longer.?® This allows for more
aggressive migration in these samples, as migration is significantly inhibited in the solid,
crystalline state after web formation. The resulting final surface concentration of additive after
migration remains largely independent of DCD, indicating that the effect being observed does
not significantly impact the equilibrium state, but rather the kinetics of the equilibration
process. It is also worth noting that while this effect is significant at large additive loadings, it
is of limited impact at low additive loadings. While the mechanism behind this limitation is
not clear, it is likely simply attributed to the extremely low concentration of additive in the

system.
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Figure 3.6: Competing influence of migration time and die-to-collector distance on additive surface
concentration was measured by XPS. F/C ratio was measured before migration (solid) and after migration
(hashed) for samples generated at a DCD of 15 cm (red) and at 40 cm (blue). The effect of DCD prior to
migration indicates significant additional mobility during the fiber formation process at larger distances.



3.45.2  Molecular weight

In an effort to characterize the role of molecular weight on the migration process, a new set of
samples were prepared on the Reicofil manufacturing line. These samples were formed from
polypropylene having a melt flow rate of 1200 g/10 min (1200 MFR), compared to the previous
samples of 500 g/10 min (500 MFR) polypropylene. The manufacturing process was also
controlled to generate samples with high and low air flow rates as well as high and low die-to-
collector distances. As shown below in Figure 3.7, when compared to the previous trial of 500
MFR fibers, most conditions did not show significant changes in fiber size distribution; the
only exception being the samples prepared at 800 m*/hr air flow rate and 40 cm die-to-collector
distance. These samples exhibited a slightly larger median fiber diameter, approximately 7 um,
while all other conditions yielded a median fiber diameter of 5 um or less. The large number
of fibers which were found to be between 10 and 20 um, and as high as 26 um, likely played a

large role in this shift in the overall distribution of fiber sizes in these samples.
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3453 Air flow rate

Having determined through the analysis of Figure 3.6 that all samples with sufficiently high
bulk additive loading exhibit an equivalent saturation concentration of fluorine after significant
migration, in these high MFR samples we sought to characterize changes to the initial additive
distribution, as measured in unmigrated samples. By comparing the effect of changing air flow
rate, as shown in Figure 3.8, we see that samples prepared at higher air flow rates exhibit higher
initial surface additive concentrations. This is most likely attributable to decreased fiber
diameter. As was shown in Figure 3.5d, smaller fibers exhibit more complete migration during
the fiber formation process. We do notice a significant decrease in the influence of this effect
at lower additive concentration, and similarly note that the effect of DCD on the initial surface
additive concentration is mitigated under these conditions as well. This is clearly demonstrated
in the case of Figure 3.6 where the high and low DCD samples are shown to have statistically
insignificant differences in initial surface additive concentration at low bulk additive
concentrations and is likely a result of the overall lower potential surface concentration of these

samples.
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Further comparing these results to those obtained in the previous, low MFR polymer studies,
the competing influence of MFR and DCD are observed in Figure 3.9. In both cases, low or
high MFR, it was observed that high DCD vyields a larger initial surface concentration of the
fluorochemical melt additive. However, it was found that this effect is much more drastic in
the case of the low MFR polymer fibers, while the high MFR samples showed higher F/C ratios
at equivalent conditions. This is likely an effect of the increased mobility of the surfactant-like
fluorochemical melt additive molecule in the lower molecular weight polymer matrix. In this
environment, diffusion of the additive is likely to be more rapid, and potential migration
distances are likely to be longer, resulting in higher concentrations at the surface after the rapid

manufacturing process.
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Figure 3.9: Comparison of unmigrated surface composition of low (open) and high (closed) MFR samples

prepared at 1100 m3/hr air flow rate. The impact of DCD was also seen to be influenced by polymer flow rate.
While high (40 cm, red) DCD samples exhibited similar F/C ratios independent of polymer flow rate, at low (15

cm, black) DCD higher F/C ratios were observed in the case of high MFR polymer samples.
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3.4.6 Repellency of resulting fiber mats

These results ultimately are corroborated by alcohol repellency tests. As shown in Figure 3.10,
alcohol repellency scores of tested samples are poor when the nonwoven contains no
fluorochemical melt additive but are drastically improved through even small concentrations
of additive in the bulk. With the understanding of fluorochemical melt additive migration
generated in the previous sections it is possible to control various processing conditions and
material considerations in order to generate highly repellent nonwoven mats. For example,
when 0.6% loading of additive is used repellency values are highly variable, and consistent
alcohol repellency results are only obtained after migration of 1.6% additive samples.
However, by allowing migration in the lower concentration samples, and utilizing the 500
MFR polymer, comparable performance is achieved to that of significantly higher additive

content samples.
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35 Conclusions

Our study shows that migration plays a significant role in the determination of the final
properties of surface active additive containing nonwoven materials. While moderate
concentrations of additive yield sufficient surface concentrations of fluorine compounds to
prevent discharging, lower additive concentrations are unable to achieve this goal prior to
migration. These effects are demonstrated through the use of contact angle measurement of
nonwoven materials, where thresholds for the prevention of droplet wicking are observed.
Increasing the F/C ratio of the substrate, either through increased loading of additive or through
migration of additive, prevents wicking of droplets for even the lowest surface tension fluids.
The die-to-collector distance used during manufacturing is shown to have a significant impact
upon initial additive distribution. Samples prepared at higher die-to-collector distances show
significantly higher initial concentrations of additive at the surface. Samples prepared using
lower molecular weight polypropylene exhibited higher additive concentrations overall, and
showed less susceptibility to the influence of DCD. Overall, this work demonstrates the effect
of many interdependent manufacturing parameters and highlights key considerations for the

successful design of nonwoven materials containing surface active melt additives.
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CHAPTER 4. CHARGE PROTECTION AND ADDITIVE MIGRATION IN

ELECTRET AIR FILTRATION MATERIALS

Joe Lavoie!, Orlando Rojas'?, Saad Khan!, and Eunkyoung Shim?
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2College of Textiles, North Carolina State University, Raleigh, NC

3Department of Bioproducts and Biosystems, Aalto University, Espoo, Finland

4.1 Abstract

In the field of electret air filter materials, nonwoven media are embedded with charges in order
to improve capture efficiency. Unfortunately, these charged filters are susceptible to charge
loss when exposed to oils and alcohols. In this work, we endow charge protection through
increased repellency toward these fluids through the use of surface active melt additives.
Nonwovens containing fluorochemical melt additives were produced, and methods were
established for their characterization. This included quantitative investigation of the additive
migration process through the use of X-ray Photoelectron Spectroscopy (XPS). Samples were
monitored over the days and weeks post-manufacturing and the surface chemistry was
evaluated with respect to repellency and associated charge protection. Repellency was
quantified through contact angle goniometry of isopropyl alcohol, a standard discharging
liquid, and fractional filter testing was used to measure discharge protection. It was found that
the associated increase in filtration efficiency due to electret charging can be protected through
the use of alcohol repellent surfaces, and this was directly related to fluorine content in the

nonwoven media.

85



4.2 Introduction

When customizing the properties of polymer fibers, the use of bulk melt additives is a facile,
industrially relevant method for many different applications.® One field in which the use of
polymer melt additives has been shown to be effective is surface energy control of nonwoven
fibers.*® These melt additives, when blended with polymers prior to melt spinning, migrate to
the fiber surface and influence surface functionality without significantly changing the bulk
polymer properties.%’ This phenomenon allows for the creation of fiber surfaces with
controlled wettability useful in many industries, including protective medical and consumer
textile garments, oil spill cleanup materials, self-cleaning materials, and filters. One application
of particular importance, is in the field of electret air filter materials, where embedded charges
provide improved filtration efficiency, but are susceptible to losses when exposed to oils and

alcohols.

Electret air filters are used in a diverse range of environments where high particle capture
efficiency with minimal pressure drop across the filter media are required; however, in many
of these environments exposure of the electret filter media to oil and alcohol aerosols or mists
is not uncommon.® ! These low surface tension fluids easily wet even highly hydrophobic
polymer fibers such as polypropylene (PP).*21® The wetting of charged fibers has been shown
to have a rapid and permanent discharging effect via electric shielding by conductive sheath
coatings.*1® As these products are designed around the utilization of the electrostatic capture
mechanism, the loss of charge has drastic negative effects on filter performance and

lifetime.1"18
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Other methods for the prevention of discharging due to oil and alcohol aerosol exposure
include the use of pre-filters to remove aerosolized liquid particles from the feed stream prior
to high efficiency particulate filtration.!? This is effective, but introduces additional
complexity to the system in the form of multiple filtration steps or complex filter media. The
use of surface coatings or chemical modification after manufacturing of the nonwoven media
has also been demonstrated to varying levels of effectiveness.??> These methods require
additional processing steps during the manufacturing process, and depending upon the
chemistry used can pose additional concerns such as requiring the use of harsh chemicals,
limited durability of coatings, and others. Alternatively, the use of bulk polymer additives is a
facile and industrially proven process for modification of many polymer properties.?® There
are some commercially available products in this area, including those for increased repellency
toward various liquids.?*?® While these products have demonstrated effectiveness, questions
remain surrounding the observed migration phenomenon of surface active small molecules in
polymer matrices. Though the process of additive migration is well known, the impact of
additive migration and correlation of nonwoven meltblown processing parameters on resultant
product design has not been fully characterized in the literature. In this work we seek to explore
additive loading and migration effects with traditional nonwoven manufacturing parameters

and their impacts upon repellency of nonwoven products.
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4.3  Experimental

43.1 Materials & Methods.

Nonwoven substrates were prepared from metallocene homopolymer PP (MF650W, 500 MFR,
LyondellBasell, Houston, TX) and the small molecule fluorochemical melt additive HydRepel
A-204M (Goulston Technologies Inc., Monroe, NC) in polypropylene masterbatch. Both were
provided by The Nonwovens Institute at North Carolina State University. Research grade,
99.9% pure isopropyl alcohol (IPA) was obtained from Sigma Aldrich (St. Louis, MO) for

discharge testing.

4.3.2 Meltblown Nonwoven Manufacturing

Samples were manufactured using the Reicofil Meltblown Pilot Line (see Figure 4.1) with a
1.3 meter, 35 hole per inch (HPI) Exxon die. The extrusion die was held at 240 °C, while the
air curtain was heated to 255 °C and a volumetric flowrate of 1100 m3/h. Polypropylene was
mixed with additive containing masterbatch composed of 20 wt% additive in 1200 MFR (melt
flow rate) PP resin, by the automated feed system, then fed to the extruder at designated
concentrations. Additive concentration was controlled to six levels, in order to more
thoroughly understand the influence of additive concentration on repellency properties of the
resulting nonwoven samples. Samples were also prepared under two die-to-collector distances
(DCD) conditions. Values were selected such that both samples representative of typical air
filter materials (high DCD) and samples designed for liquid barrier testing (low DCD) were

prepared.
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Table 4.1: Reicofil Pilot Line DoE and Run Conditions

Reicofil Meltblown Pilot Line Run Conditions

Die Temperature 240 °C

Die Air Temperature 255 °C

Die Air Pressure 144.8 kPa (21 PSI)
Throughput 53 kg/h

Die-to-Collector Distance 15cm | 40 cm
Die Exxon (35 HPI)

Capillary Diameter 400 pm

Additive Concentration

0.0% | 0.6% | 1.2% | 1.6% | 2.0% | 4.0%

Figure 4.1: Reicofil Pilot Scale Nonwoven Manufacturing System.
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4.3.3 X-Ray Photoelectron Spectroscopy
Surface composition of nonwoven substrates with fluorochemical melt additive were
characterized by XPS. Samples were stored in the freezer at -20 °C after manufacturing,
effectively stopping additive migration. For samples analyzed with respect to migration time,
the reported time is measured as time since removed from the freezer. Migration was allowed
to occur on the laboratory benchtop at room conditions, typically 20 °C and 30% relative
humidity. Compositional analysis was performed on a SPECS XPS system with PHOIBOS
150 Analyzer at the Analytical Instrumentation Facility (AIF) at NC State University (Raleigh,
NC). The analysis was done using a Mg Ka x-ray source operated at 300 W (10 kV and 30
mA) with vacuum chamber at room temperature and pressures in the 10 torr range or lower.
Survey scans were collected from 0 to 1100 eV and atomic compositions were derived from

peak areas using CasaXPS processing software version 2.3.16.
4.3.4 Contact Angle Goniometry

Wicking and repellency of nonwoven substrates were evaluated using sessile drop goniometry
of isopropanol. Samples were measured under standard laboratory conditions, around 20 °C
and approximately 30% humidity, using an SEO Phoenix 300 Goniometer (Surface Electro
Optics, Suwon City, South Korea). Images were captured by frame grabbing software “Image
XP”, and contact angle analysis was performed using “Image]” image processing software
with the “DropSnake” analysis plugin. Due to the porous nature of nonwoven materials,
reported contact angles for these materials are apparent contact angles and cannot be directly

related to the surface energy of the fiber.
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4.3.5 Scanning Electron Microscopy

Fiber diameter was evaluated through the use of scanning electron microscopy. Images were
captured on the Verios High Resolution SEM at the AIF. In order to avoid charging of
nonwoven samples during imaging, samples were sputter coated with 50 nm of gold using the
Hummer 1l sputter coater at the AIF. Images were captured at 13 nA and 2 kV using the
Everhart-Thornley Detector in secondary electron mode, at a working distance of

approximately 8 mm to maximize depth of field.
4.3.6 Charge State Preparation

Charging was performed using a benchtop corona charging system. Samples were placed upon
a grounded metal plate, centered under the bar electrode, and adjusted to a distance of 3 cm.
Samples were charged on both sides using a negative bias at 11 kV for 10 seconds per side.
After charging, samples which did not require discharging were immediately placed into the
fractional filter tester to be evaluated. Samples to be discharged were immediately placed into
a large polyethylene container and suspended individually above an isopropyl alcohol bath.
The container was then closed with an air-tight seal and placed into a fume hood for 48 hours.
After the discharging process was complete, samples were then removed from the container

and immediately evaluated for remaining charge by fractional filtration efficiency testing.
4.3.7 Fractional Filter Testing

Fractional filtration testing for the characterization of charged, discharged, and control samples
was performed on a TSI 3160 Automated Filter Tester. Tests were performed with a nominal
flow rate of 32 liters per minute and face velocity of ~5.3 cm/s across 100 cm?. Particles used

were atomized dioctyl phthalate (DOP) with an average diameter of 0.3 um. Full fractional
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tests, ranging from 0.05 um to 0.4 pm particle sizes, were performed under many conditions
to confirm the use of 0.3 um as the most penetrating particle size (MPPS). All filtration

efficiency tests were performed in triplicate on separate physical samples.

4.4 Results and Discussion

4411 Characterization of Nonwoven Fiber Web Structure

After sample manufacturing, the first task was to fully characterize the web structure and
relative performance of control samples. Previous studies had been conducted on bench scale
nonwoven manufacturing equipment with identical chemistry, and these results demonstrated
that increasing additive concentration over the range studied had no significant impact on fiber
diameter. As shown in Figure 4.2A, samples prepared for this study were found to have median
fiber diameters of approximately 3.8 pum, with 95% of fibers falling between 1 and 10 um.
Additive concentration was shown to have moderate impact on nonwoven web structure as
characterized by filtration testing shown in Figure 4.2B. Samples were demonstrated to have
moderately increased filtration efficiency with increased additive content, likely resulting from
changes to web solidity. Increased additive content was found to significantly decreases inter-
fiber interactions, preventing bonding during fiber laydown and thereby decreasing solidity.
This effect can be easily observed in a qualitative manner through the handling of samples, as
the hand feel of the additive containing samples is significantly softer, and more prone to
mechanical failure. The reduction in inter-fiber interactions is further verified by the changing
pressure drop of the samples as shown in Figure 4.2B. From this chart, we see that increased
additive content up to 1.6% in the bulk, causes decreased pressure drop across the filter media,

likely due to decreased tortuosity of the pore structure as solidity decreases. Above 1.6%
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additional additive content does not yield significant further changes in the observed filtration

behavior.
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Figure 4.2: (A) Fiber size distribution of electret filter samples and the effect DCD were characterized by SEM
image analysis. Distribution of fibers is represented as a box containing 50% of fibers, whiskers containing 95%
of fibers, with the mean (circle) and median (intersecting line). Fibers outside the 95" percentile are shown
individually (diamonds). (B) The influence of additive concentration on filtration efficiency (red) and pressure

drop (blue) was analyzed by fractional filter tester.

94



4.4.2 Additive surface migration characterization

In an effort to quantitatively track the surface concentration of fluorochemical melt additive in
the sample, we utilized XPS and carefully controlled the migration state of the samples being
measured. Due to the extremely surface selective nature of XPS, measurements of the atomic
composition of the fibers is relegated to the first 5 to 10 nm at the interface. Through analysis
of the signal generated, the atomic composition of this narrow region of the fiber can be
quantitatively characterized. For the purposes of this study, the fluorine atoms present in the
melt additive compound are the most relevant quantity for characterization, and so we report

the atomic ratio of fluorine to carbon atoms (F/C ratio).

Figure 3.2 presents a proof of concept for this kind of analysis. This figure shows a comparison
between two sets of samples: samples which have not experienced any appreciable additive
migration post manufacturing (unmigrated, in white), and samples which have been stored at
room temperature for six months and can be considered fully migrated (migrated, in black). A
few principles are clearly illustrated by this analysis. First and foremost, control samples
containing only polypropylene and no additive are free from contamination and reliably
contain no fluorine down to the detection limit of XPS (<0.1 at%). Second, independent of
initial bulk additive content, migration plays a significant role in determining surface fluorine
concentration. In each case, the equilibrated samples have demonstrably larger F/C ratio values

than the pre-migration samples.
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Figure 4.3: Additive fluorine content present at the surface of electret filter materials as measured by XPS
immediately after manufacturing (open) and equilibrated over six months storage (solid).
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While migration time is a significant driving force for the changing composition of the surface,
it is clear that other factors also play a role, including fiber size and certain manufacturing
parameters. Among the parameters tested, the most significant impact on migration state was
found to be the die-to-collector distance used during the pilot scale manufacturing process. As
shown in Figure 3.6, the resulting surface composition of fully migrated fibers is largely
independent of other factors at sufficiently high additive concentrations; however, the
unmigrated samples exhibit drastic differences in initial additive distribution. While this effect
is limited under extremely low additive loading conditions, as much as a three-fold increase in
initial surface concentration is observed for even moderate loading conditions when a larger
DCD is used during nonwoven manufacturing. This is most likely a result of the increased
duration of the fiber formation process when the DCD distance is increased. In many
meltblown systems the fibers will not fully solidify until they contact the forming belt and

during this time prior to the crystallization of the fiber migration is accelerated.?’
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Figure 4.4: Competing influence of migration state and die-to-collector distance on additive surface
concentration. Initial surface fluorine content (solid) is shown to be significantly lower than the fully migrated
samples (hashed) for low to moderate bulk additive concentrations. The influence of DCD is shown to be
significant in the development of surface fluorine content prior to migration as high, 40 cm DCD samples (blue)
exhibit significantly higher F/C ratios than samples prepared at 15 cm DCD (red). At high bulk additive content
and high DCD, initial surface concentration of additive is sufficiently high so as to prevent significant
improvement through further sample migration.
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The impact of DCD on the initial surface concentration of additive are corroborated by alcohol
repellency tests. For this work, the standard aqueous liquid repellency test for textiles, 1ISO
23232 was utilized. In this method, aqueous solutions of alcohol are prepared in 10% by
volume increments and numbered in ascending fashion, such that test liquid No. 1 is 10%
isopropanol, test liquid No. 2 is 20% isopropanol, and so on. Three droplets of test liquid No.
1 are placed on the textile substrate, and if after approximately 10 seconds no penetration or
wetting of the fabric is observed, the next test liquid is dispensed onto the substrate. This
process is repeated until the sample is determined to have been wetted by test liquid, at which
point the samples repellency score is determined to be the number associated with highest
alcohol content test liquid which did not wet the substrate.?® As shown in Figure 4.5, alcohol
repellency scores of tested samples are poor when the nonwoven contains no fluorochemical
melt additive, and when samples are prepared with 0.6% bulk additive concentration the
repellency values are highly dependent upon the migration state of additive to exhibit
significant alcohol repellency. However, the initial additive surface concentration does play a
significant role in determining the repellency of unmigrated samples as demonstrated by the
1.6% additive sample manufactured at a 15 cm die-to-collector distance. At 40 cm, the pre-
migration F/C ratios of these samples is sufficiently high, as shown in Figure 4.4, to

significantly increase alcohol repellency.
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Figure 4.5: Influence of DCD and bulk additive concentration on initial (red) and equilibrium (blue) alcohol
repellency scores as determined by 1SO 23232 standard test method. All samples demonstrate significantly
improved IPA repellency after additive migration, but samples manufactured at 40 cm DCD exhibit better

repellency prior to migration with moderate additive concentrations in the bulk.
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443 Discharging & Filter Performance of Repellent Nonwovens

As discussed previously, the ultimate goal of this effort is to understand repellency
performance as a result of additives and adequate migration in order to generate nonwoven
filter materials capable of withstanding isopropanol vapor discharge test methods. For this
study we utilized a discharge method designed such that an isopropanol bath was placed in the
bottom of a large chamber and filter samples to be discharged were hung from the top of the
chamber and exposed to the vapors that developed in the head space. This method was shown
to be effective, and demonstrated nearly complete discharging of filter materials as shown in

Figure 4.6.

The chart shown in Figure 4.7 illustrates the filtration performance of samples fabricated on
the Reicofil pilot scale manufacturing line against 0.3 um diameter particles, under various
charge and migration states. In this study it was noted that samples which had not been exposed
to external charging sources exhibited improved filtration efficiency with increased additive
content. This is likely a result of passive charging of the filter materials through environmental
effects and handling of the materials, in combination with the increased concentration of

additive yielding additional charge centers in the polymer matrix.
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Figure 4.6: Subset of data from Figure 4.7 showing the impact of discharging of neat PP electret filter media by
isopropanol vapor on filtration efficiency performance against 0.3 um DOP particle test.
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Figure 4.7: Comparison of discharging performance of unmigrated (circles) and migrated (triangles) filter
materials. Filtration performance against a 0.3 pm particle was evaluated before corona charging (“uncharged”,
black), after corona charging (“charged”, red) and after IPA vapor discharging of charged samples
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in charge protection due to the diminishing returns of additional additive content at already high F/C ratios. At
0.6% bulk additive concentration there is a drastic response in charge protection performance due to additive
migration, nearly doubling the effective filtration efficiency.
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From these results, it is clear that for meltblown polypropylene nonwoven materials additive
loading of 1.2% or higher is sufficient to guarantee adequate surface concentration of fluorine
containing additives in order to substantially protect charge. The results shown in Figure 4.7
indicate that at the lowest additive concentration levels tested, charge protection is unreliable
and depends greatly on migration state and other potential factors. This is further confirmed
by the data shown in Figure 4.8. Here, we see that at additive concentrations of 1.2% and
higher, whether samples are migrated or unmigrated, the discharged filtration efficiencies
reported are only marginally decreased from the charged filtration values. However, when the
bulk additive concentration of the filter media is decreased to 0.6%, we find that the migrated
sample are able to protect the samples from discharging, while the unmigrated samples perform

comparably to the non-additive containing samples.
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Alternatively, this can be seen in Figure 4.9 below, where the filtration efficiency data has been
recast from the perspective of performance retained through the discharging process. Here we
see that filter media which meet the minimum surface fluorine content required for charge
protection (migrated 0.6% additive, and higher loadings), regularly maintain charge retention
values of 80% or higher. While individual samples approach 100% protection of charge,
performance is largely uncorrelated with additive loading beyond the minimum loading
required for charge protection. As such, it appears there are multiple factors involved in the
determination of resultant charge protection in electret filter media, and while repellency plays
a large role in ensuring effective charge protection, further research is required to identify
physical web properties and other parameters necessary to ensure charge protection approaches

100%.
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Taking into consideration these charge retention values as well as the repellency values shown
in Figure 4.5, we find that the critical threshold F/C ratio value for charge protection align with
that required for liquid droplet repellency. Cross referencing the demonstrated threshold for
repellency of a macroscopic droplet (shown in Figure 4.5) with the samples exhibiting
successful charge retention presented in Figure 4.9, we see that in both cases the successful
performance of 0.6% additive samples requires migration. As such, it is shown in Figure 4.4
that the F/C ratio required for charge protection in these nonwoven filter media samples lies in
the range between 0.02 and 0.2, the change in surface composition observed in 0.6% additive
samples due to migration. Overall, the culmination of the presented work in this effort is the
successful demonstration of charge protection in electret filter materials with corresponding
quantitative evaluation of nonwoven substrate composition. Through the development of this
greater understanding of the many correlated and confounding variables in melt additive
containing nonwovens, we hope to inform the development of improved technologies and

products.

45 Conclusions

This study shows the successful development of correlations between fluorochemical melt
additive surface concentrations and resultant nonwoven filter media and their performance.
The impact of DCD and other process parameters which influence fiber surface composition
by either encouraging or inhibiting the migration process was demonstrated through
characterization of repellency performance through the use of standard methods. The
importance of additive migration for achieving elevated surface fluorine content was
quantified, and these results were used to assess the changing response of charged electret filter

materials to isopropanol vapor exposure. It was found that with elevated surface fluorine

108



content in the range of F/C = 0.2, through either increased bulk concentration of additive or
through migration, nonwovens could be made to resist wetting by isopropanol vapors and

protect charge in electret filter media.
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CHAPTER 5. CONCLUSIONS & FUTURE WORK

Through the course of this dissertation we have worked to design and characterize systems for
the creation of highly repellent fiber surfaces. We first developed a conformal and
customizable sequential coating method, and characterized its performance against a wide
range of low surface tension fluids. We then analyzed the influence of various process
parameters on the performance of bulk polymer melt additives due to changes in additive
migration. Finally, we quantitatively characterized the impact of alcohol repellency
performance on discharge protection in electret air filter materials by measuring particle

capture efficiency. A brief summary of the results from these studies is provided below.

51 CHAPTER 2. Omniphobic Polypropylene Nonwovens By Surface Modification

With Bio-Hybrid And Conformable Coatings Followed By Chemical Vapor Deposition

We have developed a novel, sequentially deposited coating method which exhibits superb
coating uniformity, conformity, and roughness on inert polyolefin based nonwoven substrates.
The system utilizes hydrophobic interactions between unfolded soy proteins and the
hydrophobic polypropylene surface to activate the surface and enable further modification.
Subsequent coating layers utilize ionic forces to first bind the cationic polyelectrolyte
polyDADMAC to the soy proteins surface, then to decorate the surface with negatively
charged fumed silica nanoparticles. This coating was then shown to be easily functionalized
through the use of vapor phase silane chemistries. In this case, we utilized a highly fluorinated
silane molecule, FOTS, to generate an extremely low surface energy interface. This, in
combination with the multi-scale roughness provided by the fumed silica surface and

cylindrical geometry of micron scale fibers, generates a highly repellent surface towards a
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range of low surface tension fluids. This was exemplified through the response of mineral oil
droplets on surfaces treated with this method. Mineral oil droplets on a flat PP film exhibit a
static contact angle of 10°, however after preparation of the flat surface with this coating
method, mineral oil exhibited a 60° contact angle. As was hypothesized, the combination of
this system with the micro-scale roughness of nonwoven webs resulted in a further doubling

of the repellency of the surface to a highly repellent contact angle of 120°.

52  CHAPTER 3. Characterization Of Fluorochemical Melt Additive Migration For

Alcohol Repellency In Electret Filter Materials

In this study, we demonstrated the successful characterization of surface active fluorochemical
melt additive migration and the relevant impacts of nhonwoven manufacturing parameters on
resultant performance. XPS was utilized for its capability to characterize composition in a
highly surface selective manner, and with this tool we were able to develop a more complete
understanding additive migration kinetics. We demonstrated that the majority of additive
migration occurs either during manufacturing, while the fiber is in its molten state, or during
the first 72 hours after manufacturing, and characterized the impact of manufacturing
parameters such as die-to-collector distance (DCD) and polymer resin melt flow rate (MFR).
By monitoring the generated samples over time using both XPS and contact angle goniometry,
correlations were developed between the wetting behavior of nonwoven webs and isopropyl
alcohol (IPA) solutions. These tests culminate in the identification of threshold atomic
composition levels of fluorine at the interface necessary for repellency against IPA. In the case
of the samples tested here, it was found that surface fluorine to carbon ratios in excess of ~0.35

would result in a surface capable of repelling a macroscopic IPA droplet.
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A more comprehensive understanding of additive distribution and migration behavior was
developed through the use of Time-of-Flight Surface lon Mass Spectroscopy (ToF-SIMS) on
cross-sectional slices of nonwoven web structures. With these scans, we were able to validate
XPS results through the visualization of local maxima in fluorine composition at the fiber
surface, but also identified the presence of excess additive in the fiber core, the development
of an additive depletion zone, and significant deviations between the compositional profiles of
large and small fibers. Finally, standard alcohol repellency test methods were used to
demonstrate the impact of additive migration on nonwoven air filter materials. In these tests
we found that through the proper selection of processing conditions and additive migration,

excellent alcohol repellency can be generated with extremely low additive content samples.

5.3  CHAPTER 4. Charge Protection And Additive Migration In Electret Air Filtration

Materials

Fluorochemical melt additive containing meltblown nonwoven webs representative of air filter
materials were generated to develop a more complete understanding of the influence of
nonwoven manufacturing parameters on resultant charge protection performance. Samples
were first characterized by XPS to determine the surface composition of the additive containing
fibers, and to monitor the impact of nonwoven manufacturing parameters on resulting product.
Standard test methods were used both to monitor the repellency of air filter materials to
macroscopic IPA droplets, and to quantify the impact of repellency on the capability for charge
retention of electret air filters. These results show that migration plays a key role in the
protection of charge, particularly at extremely low additive loadings. Through the comparison
of data characterizing the repellency of nonwoven webs towards macroscopic droplets and the

charge protection effects in air filter testing, we are able to conclude that the surface
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composition for successful alcohol repellency for these samples was indicated by a fluorine to

carbon atomic ratio of 0.2 or less.

54 Future Work

Throughout the planning and execution of these studies, a number of key areas of research
were identified as relevant and valuable areas for further investigation. Though these topics
were unfortunately outside the scope of the work performed here, we highlight them as

recommendations for areas of future study in the field.

In Chapter 2 we discussed the use of sequentially deposited coatings for modification of highly
inert polyolefin fibers. In this work we established conformal coatings with extremely dense
and rough surface coatings, which when functionalized offer repellency against many
challenging, low surface tension fluids. In an effort to improve the repellency of these coated
nonwoven materials, future efforts could utilize a multi-layered “layer-by-layer” approach
which has been demonstrated previously in the literature. By stacking multiple layers of fumed
silica nanoparticles, coating roughness could potentially be increased, resulting in improved
repellency performance and likely preventing the wicking of the most challenging fluids

through the nonwoven substrate.

Another potential area for future work is in the generalization of these efforts to a wider range
of the nonwoven market. Throughout this dissertation we focus largely on the preparation of
materials for air filtration applications, and while this is a significant application area for
alcohol repellent nonwovens, there are a large number of applications which would benefit
from similar treatment to the complex and often confounding effects of nonwoven

manufacturing on additive migration. For this reason we would propose that future efforts in
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this field seek to generalize the alcohol repellency and charge protection correlations
developed here to encompass a range of nonwoven structure properties including fiber size,
surface energy, solidity/pore size, to name a few. These are all key parameters that play
significant roles in the determination of repellency behavior for nonwoven products, and
determining more generally the correlation between the F/C ratio values reported here and
repellency for samples varying fiber sizes, for example, would be a logical next step for

research in this area.

Similarly, additional understanding of the impact of fluorochemical additive structure on
migration behavior, in a general manner, would offer significant value to the nonwovens
industry. In this work, we focused on a single, commercially available melt additive. Therefore
it would be a valuable addition to the literature for future studies to utilize non-commercial,
surfactant-like additives of a known structure, and characterize their migration behavior
utilizing the methods described in this dissertation. Due to the shift away from long chain
fluorocarbon additives in industrial settings, it is now more critical than ever to understand the
practical implications of the differences in migration behavior of C6 fluorocarbons compared

to C4, C2, or completely different surface active functional groups in additive structures.
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APPENDIX A. THERMAL ANALYSIS

A.1  Thermal Gravimetric Analysis
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Figure A.1.1: Thermal Gravimetric Analysis of neat 500 MFR PP and additive containing nonwovens.
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A.2  Differential Scanning Calorimetry
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Figure A.2.1: Differential Scanning Calorimetry of neat 500 MFR PP and additive containing nonwovens.
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Figure A.2.2: Differential Scanning Calorimetry of neat 1200 MFR PP and additive containing nonwovens.
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APPENDIX B. COMPOSITIONAL ANALYSIS

B.1  Fourier Transform Infrared Spectroscopy
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Figure B.1.1: Fourier Transform Infrared Spectroscopy absorption spectra of neat 500 MFR PP and additive

containing nonwovens from 700 cm! to 3500 cmL.

121



0% Additive
01091 1.6% Additive
| 2.0% Additive
0.08 -
[
o
§ 0.06
(@]
w
Ne)
< 0.04 -
0.02 4
0.00 == == T T T

S L ———
180 1700 1600 1500 1400 1300 1200 1100 1000

Wavenumber (cm™)

Figure B.1.2: Fourier Transform Infrared Spectroscopy absorption spectra of neat 500 MFR PP and additive
containing nonwovens focused upon the fingerprint region from 1000 cm* to 1800 cmL.
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