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Abstract

The emergence of commercial quantities of BNNTS facilitates the exploration of structural
material applications. BNNT-reinforced composites must exhibit extraordinary mechanical
properties in order to justify the cost premium. Prevailing theory indicates that suitable BNNTs
must possess an aspect ratio (AR= length/diameter) approaching 10,000 to provide effective
discontinuous reinforcement under tensile loading. A survey of commercial products shows that
although the quantities are sufficient, lots of uniform morphology are unavailable. Therefore, the
opportunity exists to supplement procedures either during synthesis operations or post-synthesis
processing in order to deliver homogeneous batches of high AR BNNTSs.

An assessment of relevant technologies reveals established methods compatible with sorting of
BNNTSs by physical dimensions, i.e., size and/or shape. Electrostatic fractionation emerges as
the leading candidate, with the potential to isolate high-purity, low-defect, high AR product. The
adaptation of existing equipment to the handling of fibrous particulate on the nanoscale will be
paramount to success. Although currently focused on BNNTS, the concepts outlined may be
applied to nanotubes synthesized from any organic or inorganic compounds. This survey sets the
stage for delivering reproducible lots of BNNTSs that satisfy the dimensional requirements for use
in acreage structural materials.
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Introduction

In the mature carbon nanotube (CNT) industry, use in structural applications remains in the
incubation phase and the demand for fractionation of product by aspect ratio (AR) has yet to
materialize. Therefore, commercial resources have been dedicated to manufacturing efficiency,
namely extraction from reactor effluent and removal of by-products. Separation and purification
enhancements of in-line processes have deployed cyclonic separators, including electrostatically
assisted devices [refs. 1, 2, and 3]. Deploying multiple devices in series, exploratory efforts have
also been successful in sorting CNTs by mass or density. Deagglomeration of the resultant
entangled masses has been confined to post-synthesis treatments, and the burden has fallen on
end users [ref. 4]. Mostadvances have concentrated on fractionation of CNTs by number of
walls or chirality to exploit the superior physical, rather than mechanical, properties [ref. 5].

Historically, research on structural materials has focused on polymer matrix composites (PMCs)
discontinuously reinforced with CNTs, and more recently boron nitride nanotubes (BNNTS) [ref.
6]. The allure of BNNTSs for reinforcement of metal matrix composites (MMCs) derives from
improved compatibility in terms of galvanic corrosion and temperature. As shown in Figure 1,
the key attributes are that BNNTSs are non-conductive and more thermally stable than CNTs [ref.
7]. The use of BNNT-MMCs as structural materials remains speculative because large batches
of uniform, high-AR product are unavailable. Currently, suppliersare not willing to commit
resources to more sophisticated fractionation methods until demand for such a product emerges.

* White * Black
* Higher temperature s High strength « Lower Temperature
(>900°c in air) O H‘gh stiffness (400°C in air)
« Electrical insulator * High thermal « Metallic or
» Piezoelectric conductivity semiconducting
* No absorption in * High current-
visible spectrum * High aspect ratio carrying capacity
« High neutron * Low density
absorption

Credit: Tekna/NRC Canada; used with permission

Figure 1. Physical and mechanical properties of BNNTs compared with CNTs [ref. 7].
Note that the high thermal stability and low electrical conductivity enhance the potential
for effective reinforcement of MMCs.

The tensile properties of BNNT-MMCs must approach those associated with individual BNNTs
to gain traction in aerospace structural applications [ref. 8]. In the case of discontinuously
reinforced composites, the established prerequisites for effective matrix reinforcement include



e uniform dispersion

e preferred alignment

e strong interfacial bonding

e high AR
Most of these criteria depend on composite fabrication, but the last criterion is solely dependent
on the physical dimensions of the reinforcing agent. Thus, the AR of the constituent BNNTS is
projected to play a pivotal role in the mechanical behavior of MMCs, regardless of whether the
distribution is aligned or random.

The theoretical relationship between the AR of the reinforcing agent and degree of load transfer
to the matrix under tension is illustrated in figure 2 [ref. 9]. Calculations employing the rule of
mixtures for modulus or strength enhancement of an aligned, discontinuously reinforced
composite reveal that;

e CNTs with any AR contribute to tensile modulus

e only CNTs with an AR > 230 contribute to tensile strength

e an AR~ 10,000 is required for a discontinuously reinforced composite to exhibit the

tensile properties of its continuously reinforced counterpart

As a consequence, the mean length of masses of = 5 nm-diameter BNNTSs destined for structural
reinforcement must approach 50 pm to optimize performance.
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Figure 2. Effect of nanotube morphology on performance of aligned, discontinuously
reinforced CNT-PMCs; theoretical increases in tensile modulus and strength of
composite withincreasing AR of reinforcing agent [ref. 9].



In table 1, the nominal dimensions of high AR BNNTSs are compared with the size ranges for
common airborne particulate [ref. 10]. The range in diameter is similar to carbon black (10 nm—
0.5 um), whereas the range in length is similar to “metallurgical dust” (1 nm — 100 pm).
Customarily, dust collectors that rely on centrifugal forces are effective for separating particulate
in the size range of 0.5 um to 1 mm, electrostatic in the 1 nm to 50 um range, and ultrasonic in
the I nmto 10 pm range. The high AR creates the quandary of whether diameter or length is the
BNNT dimension governing the efficacy of any separation, fractionation, or collection candidate.

Incumbent synthesis techniques tend to yield BNNT product comprising a broad distribution of
morphologies and significant impurity content (> 10 wt.%) [ref. 11]. Current particle shape
fractionation methods tend to be restricted to the isolation of high AR BNNT material in
analytical quantities, i.e., microgramsonly [ref. 12]. Itis evident that shape-based fractionation
has yet to be applied to large volumes of nanoparticles, particularly by AR. The incentive for
this survey is identification of a processing protocol for collecting high AR, low-defect BNNTs
in quantities commensurate with discontinuously reinforced MMCs. The approach adopted
builds on proven physical principles conducive to sorting large volumes of non-conductive, non-
spherical particles by morphology. The ultimate goal is to rank candidate methods for handling
and shape-partitioning of BNNTSs produced via induction plasma synthesis.

Table 1. Sizeranges of common particles and fibrous particulate compared with
established collection methods. Note that high AR nanotubes create a dilemma with
regards to the critical dimension thatgoverns separation behavior.
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1. Identifying Candidate Methods

The flow chart in figure 3 depicts processing route formulations for sorting of BNNTS
manufactured via radio frequency plasma spray (RFPS). BNNTSs can be sorted either in-flight
upon exiting the reactor, or after being collected as intertwined masses. The elements of the two,
fundamentally different routes are dictated by the initial state/condition of the product. During
synthesis, the first step is extraction of the BNNT stream from the hot reactor effluent by a
continuous, in-line process. Handling involves applying dry methods at elevated temperatures to
particulate dispersed in an inert gas. During post-synthesis operations, the first step is
deagglomeration of the BNNT bundles by a discontinuous, batch process. Handling involves

applying wet methods at ambient temperatures to particulate that has been suspendedin a

working fluid.
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Continuous Processing
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Figure 3. Flow chart outlining potential processing routes for sorting of BNNTSs;
primarily dry methods during synthesis and wet methods during post-synthesis

operations.

Dynamic extraction involves divertinga BNNT-rich stream away from the exhaust gas/by-

products and combining with a benign carrier gas. An advantage of this route is that an element
of product purification can be introduced early in the proceedings. Static deagglomeration
involves untangling BNNTS captured as bulk product and creating a homogeneous suspension in
aworking fluid. A disadvantage of this route is that achieving a uniform dispersion has proven
to be problematic. The subsequent processing steps adhere to a common philosophy, but the
operating conditions remain different, i.e., dry vs. wet. Purifying, fractionating, and collecting



the BNNT product requires techniques compatible with gas-solid mixtures via the synthesis
route, and vapor-solid or liquid-solid mixtures via the post-synthesis route.

A comparative assessment of technologies identified the candidates that offered the most
potential for each stage of the distinctly different routes. The list of dry and wet methods is by
no means all-inclusive, but does represent the state of the art. When possible, weight was given
to techniques that have proven to minimize damage to CNTs and are amenable to scale-up
beyond analytical quantities. In the case of wet methods, priority was also given to techniques
capable of operating in an aqueous environment (vapor or liquid) to avoid organic contaminants.
The salient features of each of the methods listed are briefly outlined below.

1.1. Extraction Devices

Extraction involves isolating a stream of BNNTSs from the reactor effluent during synthesis. The
continuous process comprises in-flight separation from hot gases and combination with inert,
cold gases for further transport.

1.1.1. Inertial Separator

An example of an inertial separator, also known as a uniflow cyclone, vortex tube, or swirl tube,
is shown in figure 4 [ref. 13]. The operating principle is illustrated in figure 4(a) and is similar to
cyclonic separatorsin that particle extraction relies on centrifugal forces. In contrast with most
cyclones, devices comprise a tubular geometry with a constant cross-section and the gas/solid
mix is introduced axially. A static impeller converts the axial flow of the inlet gas into a vortex
flow that creates a particle-rich gas stream adjacent to the outer wall. The gas exiting the tube is
split into inner and outer flow paths by concentric outlets.

In such devices, the major central stream is essentially particle-free, and the minor peripheral
stream is heavily laden with particles. Inertial separation represents a mature technology for
handling fine particulate and is frequently employed for airborne dust removal on jet engine
intakes. Process refinements adopted in industrial applications include arrangements of multiple
units to increase efficiency and throughput (figure 4(b)) [ref. 13]. The absence of moving parts
renders inertial separators particularly compatible with the high temperatures and corrosive
environments typical of nanotube synthesis.

1.1.2. Cyclone Separator

Cyclonic separation is a mature technology that has been utilized for capturing fine particulate
for decades [ref. 14]. Gas cyclonesassume many guises, but all adhere to the same operating
principle. The mostcommon devices are of the dry, reverse flow-type depicted in figure 5(a).
Cyclone separators have a conical geometry and the gas/solid mix is introduced tangentially [ref.
15]. Inlet gas enters sideways near the top, flows downwards in a helical trajectory, and flows
back upwards in the center to be discharged axially or tangentially at the top. Centrifugal forces
cause particle impingement on the outer wall and gravity forces the particles to the base of the
unit for extraction. As the rotating flow moves towards the narrow end of the cyclone, the
rotational radius of the stream decreases, thus separating progressively smaller or lighter
particles [ref. 14].
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Cyclone separators are very effective for fibrous particulate and are employed in many industrial
environments for dust abatement. Again, the absence of moving parts allows operation in harsh
conditions, including elevated temperatures. Collection efficiency can be tailored by adjusting
the shape of the separator body with respect to the inlet and outlet dimensions. In combination
with volumetric flow rate, the geometry defines the lower limit of the particle size or mass that
can be removed [ref. 16]. This feature permits coarse fractionation of particulate when multiple
devices are deployed either in series or in parallel. A number of recent patents related to
commercial production of CNTs teach in-line separation from reactor effluent using various
types of cyclonicdevices [refs. 2 and 3] The example shown in figure 5(b) depicts cyclone
separators arranged is series for product extraction during synthesis operations [ref. 1].

1.2. Deagglomeration Devices

Deagglomeration involves combining BNNTs with a working fluid in order to achieve
homogeneous mixtures ona sub-micron scale. Customarily a batch process, suspension includes
mechanical or acoustic agitation to effect fragmentation of aggregates, bundles, or clusters
without damaging individual BNNTSs.

1.2.1. High Shear Device

The rotor-stator configuration illustrated in figure 6(a) is the most practical among high-shear
devices used for mechanical disintegration, mixing, and propulsion of fluid-aggregate mixtures
[ref. 17]. A series of rotating blades interacting with fixed heads/screens generate intense
hydrodynamic stresses and cavitation that result in deagglomeration [ref. 18]. Large volume
mixers can be deployed in either single pass mode for continuous processing, or multi-pass mode
for recirculating systems (batch processing) [ref. 19]. Common application includes a multitude
of industries where the final product assumes the form of suspensions, slurries, or emulsions [ref.
20]. Examples of commercial devices are shown in figure 6(b), specifically designed for ultra-
high-shear processing of nanoparticle suspensions [refs. 21 and 22]. Significantly, uniform
dispersions of long CNTs in liquid polymers have been achieved using such high-speed, shear-
force mixing devices [ref. 23].

1.2.2. Fluidized Bed

Fluidized beds comprise a mechanical mixture of fluid and solid particles that can be in a broad
range of shapes and sizes. Traditionally, the working fluid contains a suspension of fine particles
that is continuously agitated and homogeneously expanded by aeration (figure 7(a)) [ref. 24].
The velocity of the upward flow of gas, liquid, or a combination controls the mean size of the
particles or agglomerates exiting the reactor (figure 7(b)) [ref. 25]. Such fluidization is used
extensively in the pharmaceuticals industry to break-up agglomerates and improve compound
homogeneity. The technology has already been applied in-line to control the size of CNT
agglomerates produced during synthesis operations [ref. 26].
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Mechanically enhanced fluidization has proved to be an efficient way to disperse and process
nanopowders, accepting that such processing tends to be solvent-intensive [ref.27]. Although
incapable of creating a suspension of individual nanoparticles, the approach is able to generate
very fine and dilute agglomerates. Low energy, vibratory fluidized beds reduce the agglomerate
size into the = 100 um range. Acoustic fluidized beds further reduce the agglomerate size into
the = 10 pum range [ref. 28]. Augmented with high energy supercritical fluid processors, the
agglomerate size can even be reduced into the =1 um range [ref. 29]. Methods outlinedin a
patent suggest effective fluidization of nanoagglomerates using a fluidized bed in conjunction
with an applied external field, such as sonication or centrifugation [ref. 30].

1.2.3. Sonication

The use of fluidized beds in combination with acoustic vibration is effective at handling very
fine particles [ref. 28]. Deagglomeration is caused by inertial cavitation, where the continual
formation and implosion of vacuum bubbles creates extreme turbulence in solid-liquid mixtures
[ref. 31]. Ultra-sonificationrepresents a logical progression for manipulating nanoscale
particulate (figure 8(a)). Ultrasonic vibrators are used commercially in a wide range of physical,
chemical, and biological processes to disperse aggregates and agglomerates into uniform
suspensions [ref. 32].

High-intensity, low-frequency ultrasound has proved to be the most effective at imparting the
necessary dispersive energy to nanoparticle suspensions [ref. 33]. In general, the fragmentation
of agglomerates is only temporary unless the energized product can be stabilized thereafter
(figure 8(b)). Thus, ultrasonic processing benefits from surfactant additives that reduce inter-
particle cohesive forces, promote deagglomeration, and inhibit reagglomeration [ref. 28]. This
technique has been successfully applied to the short-term dispersion of CNTs in aqueous
solutions containing organic surfactants [ref. 34].

1.2.4. Ultrasonic Nozzle

In contrast with traditional high-velocity nozzles, low-velocity ultrasonic nozzles do not force
liquids through a small orifice using high pressure (figure 9(a)). Liquid is fed through the center
of anozzle with a relatively large orifice and is atomized solely due to ultrasonic excitation [ref.
35]. Resonant frequencies cover the 20-180 kHz range and the droplet size, which is inversely
proportional to the frequency, is in the range of 10—40 um. The demonstrated advantages of this
approach include damage mitigation and enhanced dispersion of nanotubes (figure 9(b)).
Typically categorized as a coatings technology, reproducible thin films of CNTs have already
been deposited on non-planar substrates using solvent-intensive, ultrasonic sprayers [ref. 36].
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1.2.5. Supercritical Fluid Processing

The use of fluidized beds in combination with supercritical fluids is effective at handling
nanoparticles [ref. 29]. A supercritical fluid (SCF) is any substance at a temperature and
pressure above its critical point on the phase diagram where the liquid and gas phase are
indistinguishable [ref. 37]. The physical properties of SCFs, such as density, viscosity, and
diffusion coefficient, have values that are intermediate between the liquid and gas states. The
ability to effuse through a solid like a gas or dissolve a solid like a liquid constitutes the unique
characteristic of an SCF. Itis noteworthy that the inorganic substances most frequently
employed as SCFs include carbon dioxide, nitrous oxide, ammonia, and water [ref. 38]. Both
carbon dioxide- and water-based SCFs are prevalent in commercial applications, such as
decaffeination of coffee or fractionation of crude oil.

Two of the more common SCF processing techniques are illustrated in figure 10. The methods
are often referred to as “rapid expansion of supercritical solutions” (RESS) [ref. 39], and “rapid
expansion from supercritical to aqueous solutions” (RESAS) [ref. 40]. The mode of operation
when expanding an SCF relies on particle solubility: deagglomeration of insoluble particles from
a suspension, and particle synthesis from a supersaturated solution [ref. 41]. Depending on the
way the end product is captured, RESS may be considered a dry method (figure 10(a)), and
RESAS is classified as a wet method (figure 10(b)). A major reason for considering SCF
processors for deagglomeration is that ultrasound-assisted dispersion of CNTs has been achieved
while minimizing damage [refs. 42 and 43]. Both techniques operate effectively with carbon
dioxide or water as the working fluid, which represents a significant benefitwhen BNNT
processing can be confined to inorganic solutions [ref. 7].

RESS is used commercially to produce fine particles for the food, cosmetics, and pharmaceutical
industries [ref. 39]. In general, organic material is dissolved in supercritical carbon dioxide and
then the solution is rapidly vented through an expansion nozzle into air. Deagglomeration of
insoluble CNTs by RESS has already been investigated with some success. The entangled
product was agitated with carbon dioxide under supercritical conditions and then expanded
through a fine capillary nozzle. In one example, it was determined that increasing the pressure
and/or decreasing the orifice diameter enhanced fragmentation of the agglomerates [ref. 41]. In
another example, the median agglomerate diameter of commercial products was reduced by
approximately an order of magnitude without sacrificing the AR of the CNTs [ref. 44].

RESAS is a variation of the RESS process in that the SCF is expanded into a liquid, rather than a
gas [ref. 40]. Anadvantage of this technique is the ability to more readily stabilize suspensions
of deagglomerated particles. The use of aqueous solutions that contain surfactants or dispersants
facilitates subsequent handling and application [ref. 45]. Commercially, the technique is most
widely used in drug manufacture, where compound ingestability can be enhanced by
synthesizing nanoparticles [ref. 46]. The approach has also been applied to the fabrication of
CNT-reinforced PMCs, leading to improved distribution within the liquid matrix precursor [ref.
47].
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1.3. Purification Devices

Purification involves removal of by-products from the reactor effluent (during synthesis) or an
impinging stream (post-synthesis). In essence, the process comprises isolation of BNNTSs via
mass- or size-based fractionation on a coarse scale. Cyclonic separation serves this purpose well
and is available in a variety of basic forms. The technology is applicable to continuous or batch
processing and is compatible with dry, moist, or wet operating conditions.

1.3.1. Tribocyclone Separator

Tribocyclones, also known as triboelectric cyclones or chargers, rely on surface charging of
insulating particles by frictional contact (figure 11). The technology is applied commercially in
the recycling industry for separating various types of plastics based on differential charging
behavior [ref. 48]. In one manifestation, particulated mixtures are triboelectrically chargedin a
cyclone that feeds an electrostatic separator (figure 11(a)) [ref. 49]. Particle deflection within the
electric field is governed by the polarity and magnitude of surface charge assumed by individual
polymers. The resulting spectrum of trajectories allows for composition-based fractionation into
a linear array of collecting bins or trays.

In another manifestation, granular mixtures are diverted using a vertical triboelectric separator
(figure 11(b)) [ref. 50]. Most efficient when all particles are composed of a single material, the
polarity and magnitude of the triboelectric charge is influenced by particle size or morphology.
Generally, smaller particles charge negatively, and larger particles charge positively for a given
size distribution [ref. 51]. The deviation of particle shape from spherical strongly influences
tribocharging behavior via the contact mode, the mean contact area, and the contact duration [ref.
52]. Itmay be possible to exploit these phenomena for either size- or shape-based fractionation
purposes.

1.3.2. Electrocyclone Separator

Conventional gas cyclones rely on inertial separation and are most effective for collecting mass
quantities of particles >1 um in diameter. Electrocyclones were developed to filter particlesin
the submicron range by augmenting the separation process with an electric field [ref. 53]. The
insertion of an axial electrode charges particles by the corona effect, and the finer particlesare
attracted to the grounded cyclone walls by electrostatic forces (figure 12(a)(i)). Particles in the
size range 10—30 nm form micron-sized aggregates that precipitate on the walls for subsequent
removal [refs. 54 and 55].

Often referred to as electrostatic cyclones, such devices are compatible with high throughputs,
elevated temperatures, and harsh operating environments. Commercial applicationincludes
improving the efficiency of particulate control in the aerosol industry [ref.56]. Aninnovative
design, figure 12(a)(ii), demonstrates that electrocyclones can also operate under wet conditions
for collecting nanoparticles [ref. 57]. A recent patent teaches in-line separation of CNTs from
gaseous reactor effluent during commercial production with electrocyclones as an option (figure
12(b)) [ref. 3].
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1.3.3. Hydrocyclone Separator

Hydrocyclones use fluid pressure to generate centrifugal force and spiral flow to extract particles
from a liquid medium. The density of the working fluid must be greater than the density of the
particles for effective separation [ref. 58]. Customarily mounted vertically, the configuration
comprises an upper, cylindrical chamber connected to a lower, conical body (figure 13(a)) [ref.
59]. Fluid enters the upper chamber tangentially creating vortices in the lower body : an outer
helical flow (descending) and an inner axial flow (ascending).

The cyclonic action dividesthe fluid between two outlets, based on suspended particle size.
Larger particles exit at the bottom of the cone, termed “underflow” discharge. The smaller
particles exit through an axial pipe projecting into the top of the chamber, termed “overflow”
discharge. The geometry of the device determines the cut-off in particle size between the
overflow and underflow [ref. 60]. On this basis, an arrangement of devices with varying
geometries is capable of size-based separation of particulate. Details of an older patent teach that
a series of hydrocyclones can be tangentially staged to produce multiple fractions in unison
(figure 13(b)) [ref. 61].
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Figure 13. Hydrocyclone configurations; (a) typical unit with tangential input and twin
axial outputs for overflow and underflow [ref. 59; (b) staging of multiple units toyield a
variety of particle fractions [ref. 61].

The technology is most commonly applied in the mining industry and has found a niche in coal
liqguefaction processes [ref. 62]. Typically, hydrocyclonesare effective at solid-liquid separation
for particle diameters terminating in the 5-10 pum range [ref. 63]. The smaller the diameter, the
higher the centrifugal force, and the higher the efficiency of small particulate isolation. Highly
elongated cone designs have been developed that extend performance to particle sizes below 5
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pm. A recent patent related to commercial production teaches in-line separation of CNTs froma
water stream with a hydrocyclone device as an option [ref. 64].

1.4. Fractionation Devices

Fractionation involves separating BNNTSs into narrow lots based on length or morphology. The
continuous or batch process comprises division of BNNTS via shape-based fractionation on a
fine scale. Electrophoretic, acoustophoretic, or electrostatic separation techniques offer the most
potential and operate in a range of environments.

1.4.1. Electrophoresis/Dielectrophoresis

The technique of electrophoresis/dielectrophoresis fractionates particles by relative mobility
through a working fluid in response to a transverse electric field [ref. 65]. Typically, particles
are suspended in a wet solution (liquid phase), but suspension in a dry gas or moist vapor can
also be employed (gas phase). The more common liquid phase electrophoresis employs direct
currentto create a uniform electric field across a flowing suspension (figure 14(a)) [ref. 66].
Separation occurs because charged particles migrate at different rates, dependent on mass, size,
and/or shape. Ithas been demonstrated that electrophoresis separates <50 nm particles by size
and charge with 97% collection efficiency [ref. 67].

In contrast, liquid phase dielectrophoresis uses alternating current to create a non-uniform
electric field across a flowing suspension (figure 14(b)) [ref. 68]. Separation occurs because
polarized particles have differing mobilities that depend on electronic properties. Ithas been
demonstrated that dielectrophoresis separates 30—60 nm particles by size and polarizability with
85-100 percent collection efficiency [ref. 67]. Traditionally used to isolate analytical batches of
nanoparticles by size, the separation principle may be applied to a continuous processing
scenario.

Application of the technology to sorting nanotubes is most pertinent to this survey. Liquid phase
electrophoresis has successfully been employed to separate CNTs by length and diameter
simultaneously [refs. 69 and 70]. It has been established that ultrasonic agitation enhanced
separation and facilitated scale-up to larger quantities. An associated technology known as “field
flow fractionation” relies on the influence of a transverse electric field on fluid flowing through a
narrow channel [ref. 71]. The fluid velocity assumes a parabolic profile under laminar flow
conditions, being highest at the center and lowest at the walls. This technique has been exploited
to extract CNTs from a suspension, while sorting small quantities by size [ref. 72], length [ref.
73], or shape [ref. 74].

In addition, gas phase electrophoresis has been deployed during synthesis for length
classification of diameter-controlled CNTs suspended in an aerosol (figure 14(c)) [ref. 75].
Electrostatic mobility separators arranged in-tandem determine the diameter, then the length, of
pre-charged product. The in-flight method can be deployed to control the diameter and length of
CNTs during a catalytic growth process, or to determine the AR distribution of CNTs produced
by some arbitrary process. The philosophy has meritand could be adopted for length-based
fractionation of uniform diameter BNNTs. However, the narrow size distribution and very low
throughput challenge the practicality of scale-up to mass production of reinforcing agents.
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1.4.2. Acoustophoresis

Acoustophoretic separation also resides within the realm of free- or field-flow fractionation
processes [ref. 76]. In contrast with the electric fields used in electrophoresis, acoustophoresis
employs sound waves for the differential extraction of particles from a carrier fluid. Ithas been
demonstrated that acoustophoresis separates <200 nm particles by size and density with >90%
collection efficiency [ref. 67]. Both are classified as analytical techniques for quantifying
particle distributions owing to the relatively low throughput for other applications. However,
these techniques are included in this review because the principles involved may be exploited to
enhance other processes compatible with handling mass quantities.

Using acoustophoretic techniques, the carrier fluid can be either a gas or a liquid. Gas phase
acoustophoresis is considered to be an emerging technology. An ultrasonic standing wave
applied to laminar flow, with a parabolic velocity pattern, forces the largest to the center and the
smallest to the walls of a resonator channel (figure 15(a)) [ref. 77]. The acoustic power required
to manipulate particles within gas is an order of magnitude higher than with liquid as the
transport medium. Nevertheless, efficient size-based fractionation of 30—600 nm diameter
aerosol particles suspended in a continuous air flow has been accomplished [ref. 78].

Liquid phase acoustophoresis is the established technology that has beenadopted in many
microfluidic systems. Mixed particle suspensions are channeled into dynamic fractions that are
separated into multiple outlets by size and/or density (figure 15(b)) [ref. 79]. Free-flow
fractionation has been employed to separate micron-sized particles by creating laminar flow in a
tube and subjecting to an acoustic field. Customarily, particle size separation involves using
acoustic valving to divert the inlet flow into two outlet flows. However, multiple fractions are
obtainable when such binary sorting devices are arranged in a tree configuration (figure 15(c))
[ref. 80].

This conceptis applicable to any particle-sorting device and might be adaptable to shape-based
fractionation of BNNTs on a highly refined scale. A NASA patent teaches separation of
particles from a liquid medium via a batch process, where acoustic wave frequency governs the
particle size extracted [ref. 81]. More recently, standing waves have been employed for size-
based fractionation of nanoparticlesin a continuous flow [ref.82]. Several patents related to
water purification teach methods for fast, high-volume separation of ultrafine particles from fluid
suspensions [ref. 83].

1.4.3. Electrostatic Separator

Electrostatic separation technology is applied under dry, moist, or wet operating conditions, and
equipment configuration is material-dependent [ref. 84]. The various devices rely on an applied
electric field to isolate and collect particles from a suspension and can be categorized by
function. Electrostatic precipitatorsare traditionally employed for emission control and are
normally of the parallel plate or wire-in-tube variety [ref. 85]. This type is used extensively by
many commercial entities for collecting mass quantities of sub-micron and irregularly shaped
particles [ref. 10]. In contrast, electrostatic separators are primarily employed for product
recovery and are frequently of the rotating drum variety for continuous handling of large
volumes [ref. 86]. Particle fractionation is normally restricted to separation of conductors from
semi-conductors and/or non-conductors (dielectrics) [ref. 87].
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Among the many electrostatic separators, the high-tension, rotating drum configuration appears
best suited to mass quantities [ref. 88]. The technique is widely used in the minerals industry for
handling large volumes in either a continuous or a batch process [ref. 89]. Most non-metallic
materials exhibit conduction when the potential difference is sufficient, therefore particle
separation relies on differential conductivity [ref. 90]. All the particle types entering the field are
charged and adhere to the rotating drum as a consequence. The junctures at which the different
species are ejected from the surface depend on both the size of the initial charge and the rate of
charge decay [ref. 91]. These mechanisms depend not only on particle size, but more
importantly on particle morphology and form the basis for shape-based fractionation.

The two basic types of rotating drum separators operate on electrophoresis or dielectrophoresis
principles under dry/moist or wet conditions, respectively (figure 16) [refs. 92 and 93].
Electrophoretic separation involves charged particles and usually exploits differential charging of
conductive materials [ref. 89]. The process employs a uniform or non-uniform electric field
induced by direct current and is conducted exclusively in gas or vapor phase. There is also the
choice of using either a bare metallic (conducting) drum or an insulative coated (semi-
conducting) drum. Particle mixtures can be charged in three distinct ways: corona charging,
induction charging, or tribocharging. Corona charging is by far the most common method used
in roll-type electrostatic separators (figure 16(a)) [ref. 92]. The practice involves a point source
under high tension that discharges ions which bombard the incoming particles. Customarily, the
corona source and the grounded metal cylinder constitute the positive and negative electrodes
containing the divergent electric field.

In contrast, dielectrophoretic separation involves uncharged particles and typically exploits
differential polarization of non-conductive materials [ref. 89]. The operation employsa non-
uniform electric field induced by direct or alternating current (DC or AC) and is conducted in the
liquid phase. The process uses a drum with fine wires placed along its surface, parallel to its axis
(figure 16(b)) [ref. 93]. A screen electrode is submerged in a dielectric fluid beneath the drum,
and an AC potential is placed across the electrode and drum assembly. Particles of a higher
dielectric constant are fed onto and attracted to the region of high electric field gradient (the
wires) on the drum’s surface. Lower dielectric constant material is repelled to a region of low
field gradient by an intermediate dielectric fluid and falls through the screen electrode [ref. 87].
Customarily, liquid phase separation by a wet, drum-type separator employs an organic dielectric
fluid, but deionized water may be a workable option [refs. 94, 95, and 96].

A sub-category of electrophoretic separation using ion bombardment, rotating drum separators is
known as electrostatic shape separation. The approach relies on controlled charging techniques
to separate materials based on the particle’s shape and density without consideration of the
inherent conductivities of the constituents [ref. 89]. The surface area to mass ratio is much
higher for flat particles than spherical particles making the technique a charge-selective rather
than a size-selective process. The isolation of particles with a specific morphology canbe
achieved via consideration of the “flatness” coefficient. This comprisesthe length-to-thickness
ratio, and the higher the coefficient, the flatter the particulate [ref.97].

Unlike conventional methods in which separation is based on conductivity, separating by
morphology requires dedicated roll construction. Traditional corona field separation uses a
grounded metallic roll electrode, but an alternate method uses a metallic roll that is covered with
an insulating overlayer (figure 17(a)) [ref. 98]. The patent teaches a conductive steel roll (2)
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with a non-conductive polymeric or ceramic coating (1) thatis 1.25 - 4 mm thick. The
arrangement comprises two DC corona discharge electrodes of the same polarity to attract the
particles to the rotating drum (15 and 16) and a DC corona electrode of opposite polarity to eject
selective particles (20). Another patent teaches the arrangement of drum-type separators for
generating multiple fractions in a sequential process (figure 17(b)) [ref.99].

All of these various techniques are routinely engaged for the sorting of dissimilar materials by
electrical properties, however the focus of this survey is sorting of the same material by particle
dimensions. Although a less common application, some of the techniques are capable of
classification by size and/or morphology. The underlying principle of electrostatic separation is
that an applied electric field charges conducting particles and polarizes non-conducting particles
[ref. 87]. The diameter of spheroidsand the length of ellipsoids govern the total charge imparted
on conductive materials and the net charge imparted on non-conductive materials [ref. 89]. Both
approacheshave proven effective for separation of sub-micron particles, but the ability of either
technique to classify nanotubes remains under development [ref. 100]. One issue that remains
unresolved concerns whether nanotubes can be separated individually, or rather as bundles that
require further disentanglement for length fractionation purposes.

1.5. Collection Devices

The performance of nanotube-containing structural materials will be governed not only by
reinforcement morphology, but also by the integrity of the reinforcing agent/matrix interfaces. ,
Dependent on thermal history, reactions during processing of Al and Ti alloys have resulted in
carbide formationin CNT-MMCs [refs. 101 and 102], or (to a lesser extent) nitride and boride
formation in BNNT-MMCs [refs. 103 and 104]. Even though serendipitous benefits to
nanotube/matrix bonding have been noted, precipitation of these compounds must be minimized.
Such interfacial phases tend to be brittle and act as mechanical defects. In addition, the
nanotubes are partially consumed and no longer pristine, thereby reducing load-bearing
capability [ref. 105]. Interfaces in BNNT-MMCs will be further compromised by carbides, and
hydrocarbons are very difficult to eliminate from BNNT products once introduced [ref. 7]. Itis
also known that carbon contamination deteriorates both the physical and mechanical properties
of BNNTSs [ref. 106]. Although organic fluids may be used for CNT transport without penalty,
focusing research and development on inorganic media for BNNT storage seems prudent.

Commercial lots of fractionated BNNTSs for discontinuously reinforced composites must be
available in a highly usable product form, such as paintable liquid or spreadable paste.
Customarily, the uniform dispersion of ultrafine particles in a working fluid can be divided into
three, distinct processes: wetting, deagglomeration, and stabilization [ref. 107]. The latter stage
is critical in the scalable production of homogeneous suspensions that are compatible with easy
storage, transport, and application. Re-agglomeration of BNNTSs following separation into
fractions by AR is inevitable in the absence of a stabilizing storage medium. Retention of a
stable mixture requires balancing the attractive and repulsive forces between particles often
through the addition of surface modifying agents such as dispersants or surfactants [ref. 108].

Significant progress has been made at NASA-LaRC towards creating stable suspensions of

BNNTSs in a wide variety of inorganic fluids [ref. 109]. The prime objective was a uniform
dispersion without sonication or functionalization, such that the high ARs and chemical structure
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responsible for exceptional properties were preserved. Candidate solvent or solvent pairs for
effective BNNT separation were evaluated by exploiting the well-known Hansen solubility
parameters (HSP) [ref. 110]. The concept proved to be a practical and powerful way to
understand issues of solubility, dispersion, diffusion, and chromatography. This methodology is
much more potent than using nebulous solvent characteristics, such as polar, non-polar,
hydrophilic, or hydrophobic terminology. The guideline for determining relative solubility of
“like dissolves like” is replaced by the differential in HSP between the solid and solute. It was
concluded that the probability of obtaining a uniform dispersion is highest when the HSP of a
solvent match those of the BNNTSs.

Traditionally, solubility theory has been utilized to determine solvent mixtures for dispersing
single-walled CNTSs [ref. 111] and graphene [ref. 112]. Co-solvents havealso beeninvestigated
to enhance the solubility of CNTs compared to a single solvent [ref. 113]. Early LaRC work
attempted to rank individual solvents by relative dispersion strength to estimate a
solubility/dispersion potential, since the HSP of BNNTs were not known. Highly polar, aprotic
solvents were identified as the most efficient at dispersing bulk quantities of BNNTs without
sonication. Development of effective co-solvents involved mixing of these solvents with protic
solvents that reside outside the BNNT solubility region. Specific combinations included
dimethylformamide, dimethlysulfoxide, or N-methylformamide mixed with water, methanol, or
isopropyl alcohol in proportions ranging from 80:20 to 50:50. Recently, the HSP of purified
BNNTSs have been determined via sedimentation tests and ranked by relative settling time in
different solvents [ref. 114].

Inorganic fluids are recognized as the preferred medium for collection of fractionated BNNT
products. Organic fluids are typically defined as having carbon and hydrogen and at least one C-
H bond, hence discussion will focus on liquids without those components. Some common
inorganic fluids that meet that criterion include water, ammonia, hydrogen fluoride, carbon
tetrachloride, sulfuric acid, hydrogen cyanide, and hydrazine. Equally important, a non-
hazardous fluid that is liquid at room temperature represents a wise choice for ease of use. Water
Is the obvious candidate as a storage medium because it is an abundant and safe fluid that
satisfies the requirements. Thus, optimizing water’s ability to stabilize and maintain a fully
dispersed BNNT product without using an organic co-solvent becomes the main task. Inorganic
surfactants that can modify the HSPs to match those for the optimized organic co-solvents
discussed previously offer the most potential for stable suspensions.

Elsewhere, there has been a concentrated effort to modify BNNTSs with hydroxyl or amine side
groups [ref. 115]. Treatment of BNNTs with hydrogen peroxide (H,0,) at high temperaturesand
pressures resulted in hydroxyl groups bonding to B sites, while NH groups affiliated with N
sites. In contrast with pristine BNNTSs, which are hydrophobic, the treated BNNTs became water
soluble. This indicates that hydrophilic groups had indeed bonded to the nanotube surfaces.
Further, it was estimated that the solubility of H,O,-treated BNNTSs in water exceeded 0.25 g/l
after standing for 48 hours.

An alternate method for modifying BNNTs involves treatment with liquid bromine [ref. 116].
This research provides a scalable three-stage purification protocol for raw BNNT material to
yield a purity of ~80 wt.%. The initial two stages remove impurities through water solubility and
gravimetric separations. The third stage involves treatment with bromine to chemically remove
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elemental boron species. This last step was found to functionalize the surface of BNNTs with —
OH and —NH; groups through B-N bond cleavage when excess bromine was used. These groups
form hydrogen bonding networks with water, which lead to pH-switchable solubilization of the
resulting BNNTSs. Stable aqueous solutionsare formed around neutral pH, but BNNTs readily
precipitate outside of the 4 <pH <8 range.

Dispersing BNNTs without functionalization or use of a surfactant has provento be challenging.
Limited success has been achieved by utilizing superacids, such as chlorosulfonic acid (CSA),
for CNTs. Ithas been shown that reversibly protonating the carbon surface with CSA results in
dissolution of single- and multi-walled CNTs [refs. 117 and 118]. More recently it has been
demonstrated that BNNTSs also readily dissolve in CSA as disentangled individual strands at the
molecular level [ref. 119]. Analysis of treated BNNT product indicated reversible dissolution,
without damaging or modifying the chemical structure.

Considerable research will be required to create a product that can be readily employed in the
manufacture of acreage quantities of BNNT-MMCs. Recognizing that the solvent formulations
proffered may not fulfill current needs, the methodologies outlined do provide a basis for
preparing stable dispersions of large volumes of BNNTSs. Ideally, the suspension must contain
non-agglomerated, high-AR BNNTSs at relatively high concentration in an inorganic solvent.
The most widely accepted transport medium will be relatively inexpensive, non-hazardous, and
easily purged from the structural material being fabricated.
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2. Ranking Candidate Methods

The results of a survey of established technologies compatible with the handling and sorting of
BNNT products are summarized in table 2. The best candidate methods are grouped by function,
qualitatively graded relative to discriminating criteria, and divided into two categories:
(i) “Particle Characteristics” relevantto BNNTS:
e Nanoscale, i.e., particles with sub-micron dimensions
e Dielectric, i.e., insulative or non-conductive particles
e Aspherical, i.e., irregular or fibrous morphology
(ii) “Particle Sorting Capability” relevantto BNNTSs:
e Particle size, i.e., diameter or length
e Particle shape, i.e., diameter and length
e High throughput, i.e., large volumes

Table 2. Qualitative ranking of candidate methods for handling and separation of mass
guantities of BNNTs by AR. Both continuous and batch processes organized by
function; E = Extraction; D = Deagglomeration; P = Purification; F = Fractionation.
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The extraction methods (E), inertial separators and gas cyclones, can isolate nanoscale
particulate in clusters only and possess limited ability to sort by size or mass. Operation of
inertial separators tends to be restricted to dry conditions, but cyclone separators are capable of
operating in moist environments, i.e., particles suspended in vapor. The capability of more
refined sorting by particle size can be enhanced by multiple units of varying geometry arranged
in series.

The deagglomeration methods (D) have the same rankings and all operate under predominantly
wet conditions. Some fluidized bed, ultrasonic nozzle, and SCF processing involvesthe
transition of particle suspensions from the liquid to gas phase. All methods listed are capable of
handling nanoscale particulate, but none are compatible with particle sorting by either size or
morphology. Ultimately, the choice may come down to which method demonstrates the best
results in terms of operability, reproducibility, and maintainability.

The purification methods (P) listed have similar rankings and separation efficiency decreases
with particle size, particularly in the nanoscale range. In contrast with tribo- and hydro-cyclones,
the performance of electro-cyclones is limited with non-conductive particulate. All of the
methods are capable of isolating fibrous particulate by size or mass, but none are compatible
with sorting by particle morphology.

The fractionation methods (F) are the only techniques listed capable of sorting non-conductive,
fibrous particulate by morphology. Electrostatic separation may be the only technique capable of
handling large volumes, but the efficiency of incumbent methods decreases with particle size.
Electrostatic classification of analytical quantities of nanoparticulate by morphology is a proven
technology. Development of complementary electrostatic separation technology has been
restricted by the lack of demand for sorting of nanoscale particulate in mass quantities.

31



3. Leading Candidate for Fractionation

Electrostatic separation methodologies clearly emerge from this survey as the most promising
approach to the fractionation of BNNTs by AR. Consequently, techniques that are capable of
sorting nanoparticles by morphology, particularly in mass quantities, are the leading candidates.

3.1. Electrostatic Shape Separation

Although electrostatic separation methods are compatible with sorting of mass quantities of
semi-conducting, irregular-shaped particulate by morphology, application to nanoparticle
fractionation remains uncertain. However, a recent patent teaches purification, sorting, and
alignment of nanofibers using electrostatic forces [ref. 120]. Consequently, the issue of whether
electrostatic separation technology is sufficiently advanced for sorting of BNNTs by AR is
addressed in figure 18. Electrostatic classification technology is closely related and appliesthe
same physical principlesto nanoparticle sorting. The aerosol manufacturing industry routinely
employs differential mobility analyzers (DMAS) for establishing size distributions in plumes
(figure 18(a)) [ref. 121]. Customarily employed to extract a specified, mono-disperse fraction
from poly-disperse feedstock, DMAs are only capable of handling analytical quantities.

An emerging technology, less common in industry, employs modified DMAS to determine
nanoparticle shape distributions. Figure 18(b) shows a configuration that permits partitioning by
either length or diameter [ref. 122]. The multi-step process utilizes DMAs in tandem and allows
differential collection of particles by AR. Figure 18(c) shows a more recent incarnation that
permits partitioning by particle length and diameter simultaneously [ref. 123]. The single-step
process exploits a pulsed-field DMA that allows particles to be extracted directly based on AR.
The significance of the latter technique is that a spectrum of charges can be generated that
depends on nanoparticle morphology alone. This innovation means that an opportunity exists to
fractionate mass quantities of BNNTs by AR in dedicated operation. Indeed, another patent
teaches the manipulation and subsequent isolation of high-AR molecular structures, such as
nanotubes, based on differential electrostatic charge [ref. 124].

Electrostatic separation technology is widely used to sort semi-conductive materials in the
minerals industry. Dry separators of the high-tension, rotating drum-type are preferable for
processing mass quantities. The anatomy of a pilot plant facility is presented in figure 19 in
order to illustrate the operating principles [ref. 125]. Raw product is fed onto a rotatingdrum
which is the carrier, or grounded electrode. High tension is applied to positive, charging
electrodes suspended above the drum. Figure 19(a) shows that particles pass through the
charging zone, acquire differential charge, and adhere to the drum. During customary
operations, particles are then selectively released from the rotating drum by various means:

e Centrifugal forces at the front of the drum

e Gravitational forces at the bottom of the drum

e A mechanical wiper at the rear of the drum

e A series of neutralizing/discharging electrodes around the drum (optional)
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Figure 19(b) indicates the equipment configuration governed by particle characteristics, such as
mass, density, size or morphology [ref. 126]. The choice of electrodes depends on the electrical
properties of the particles being separated. Particles are sorted based on differential surface
conductivity and combinations of electrodes are customarily used to assure complete and
uniform charging. Corona electrodes charge/discharge all of the particles, electrostatic
electrodes charge/discharge conducting particles only. The majority of such separators are
configured to separate dissimilar materials and create 3 basic fractions, namely conductors, non-
conductors and middlings (a mixture). However, electrostatic shape separation of similar
materials is also practical when the equipment configuration includes interchangeable rolls [ ref.
127].

3.2. Relevant Case Study

The highlights of a case study by the Dascalescu group on electrostatic shape separation of flake
mica (My) from granular quartz (Qg) particles are presented in figure 20 [ref. 128]. Two
configurations of a roll-type electrostatic separator are employed to partition the minerals based
on particle morphology alone. Both types of particle are non-conductors, and separation relies
on the acquisition of differential net charge. This is governed by both the surface areaexposed
to the charging corona electrode and the particle thickness. The principlesthat define the
distinctly different approachesare as follows:

e Method #1 (figure 20(a)); employs a traditional, conductive roll and twin coronaelectrodes
with opposite polarity. The first, positive electrode charges both the Mrand Qq particles. All
of the particles are attached to the negatively charged drum. The flat Mt particles acquire
more net charge than the more spherical Qg particles. The second, negative electrode is
energized to selectively neutralize or discharge the Qq particles, which are ejected at the front
of the drum via centrifugal forces. The Mg particles remain adhered to the drum and the
majority are removed at the rear by mechanical means.

e Method #2 (figure 20(b)); employs a less-common, non-conductive roll and a single corona
electrode. Drum construction comprises a non-conducting surface with a conducting liner.
Again, all of the M¢ and Qg particles are positively charged and adhere to the negatively
charged drum. The lower net charge Qq particles are ejected toward the front of the drum via
centrifugal forces. The higher net charge Mg particles remain on the drumand the majority
are released toward the rear via gravitational forces.

The implications of these operating principles for sorting of BNNTs by morphology are
addressed in figure 21 [ref. 129]. The differential in electrostatic forces acting on high-AR
flakes (f) vs. low AR granules (g) derives from:

e Higher exposed surface area;

» higher net charge (q) => (gf> (g
e Reduced material thickness;
» shorter isolating distance (d) => df< dg

In adapting roll-type electrostatic separation to BNNTS, length will govern the net charge,
diameter will govern the isolating distance, and length/distance will determine the net pinning
force. Consequently, the creation of a differential pinning force introduces the opportunity to
fractionate BNNTSs based on AR.
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Figure 20. Electrostatic shape separation of materials with similar properties; flake mica
(Mf) from granular quartz (Qg) [ref. 128]. Partitioning of multiple fractions into an array of
collectionbins; (a) uncoated, conducting drum, (b) coated, semi-conducting drum; (c)
comparison of performance.
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Figure 21. Electrostatic shape separation; (a) dependence of pinning force on particle
morphology; (b)implications for fractionation of BNNTs by AR.

The charging electrode excitation and the drum construction control the initial strength and rate
of decay of the pinning force. The drum rotation speed controls the centrifugal force which is
constant. The range of exiting particle trajectories will depend on the increasing difference
between these attractive and repulsive forces. Theoretically, establishing the appropriate
differential will maximize the yield of BNNTSs with lengths surrounding the targeted AR.
Although partitioning into relatively coarse fractions might be the reality, a tighter length
distribution may be achieved by incorporating a series of neutralizing corona electrodes. In
addition, the use of multiple devices in-tandem may permit separation into even finer fractions
following a single, partitioning operation.

3.3. Commercial Equipment

In the final analysis, electrostatic shape separation technology offers the highest potential for
sorting of BNNTs by AR. Corona charging, rotating drum separatorsare traditionally employed
to partition large volumes of mm-sized particles comprising dissimilar materials into limited
shape fractions. A selection of commercial rotating drum-type electrostatic separators that may
be modified to perform such a function is presented in figure 22 [refs. 130, 131, and 132].
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Operating details of the currently available equipment that is designed for pilot plant or research
applications are listed below:

e OUTOTEC; Carpco EHTP 111-15 [ref. 130]

e ERIEZ

Interchangeable 25 cm and 35 cm diameter steel rolls (15 cm wide) with infrared
heating capability

Two DC pinning electrodes (40 kV), one AC discharging electrode (18 kV), and a
tension grounded roll brush for particle removal

Particle sizes; 75 pm to 10 mm

Capacity; 150 kg/hr

Cost; ~ $75,000

: HTES 533 [ref. 131]

35 cm diameter stainless steel roll (15 cm wide)

One DC electrode (40 kV), cleaning brush, but no AC cleaning electrode for
particle removal

Particle sizes; 100 pmto 10 mm

Capacity; 50 kg/hr
Cost; ~ $65,000

e OREKINETICS; Corona Stat 100 [ref. 132]

25 cm diameter steel roll (15 cm wide), feed temp =80-150°C

One DC electrode (15-25 kV), one AC wiping electrode, and a cleaning brush for
particle removal

Particle sizes; 50 um to 400 um

Capacity; 150 kg/hr

Cost; ~ $20,000
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Credit: ALS (alsgiobal.com); used with permission

Figure 22. Coronacharging/rotating drum electrostatic separators - commercial, pilot
plant equipment; (a) Carpco EHTP 111-15 [ref. 130]; (b) Eriez HTES 533 [ref. 131];(c)
OreKinetics Corona Stat 100 [ref. 132].
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4. Concluding Remarks

This technology survey elevates the topic of fractionating high-AR BNNTSs in large volumes for
use in discontinuously reinforced MMCs. The qualitative evaluation of particle-sorting
methodologies is intended to trigger discussion on shape-based fractionation of quantities
compatible with commercial applications. Incumbent techniques can be applied to fibrous,
nanoscale particles, but tend to be incompatible with handling mass quantities. Although high-
tension separators have proven effective with sub-micron particles, equipment has yet to be
configured for sorting nanoparticulate, particularly nanotubes.

The case for electrostatic fractionation of BNNTs by AR using a high-tension, corona-charging,
rotating drum separator is presented. The opportunity for innovation derives from the fact that
equipment for shape separation of a single, non-conductive material in nanofiber formis not
commercially available. Asa consequence, fractionation of BNNTs will require adaptation of
current electrostatic separation/classification techniques to partition mass quantities of nm-sized
particles with a fibrous morphology.

Separation efficacy may be enhanced by formulating a sequence of neutralizing, corona
electrodes capable of creating multiple close fractions in a single sorting operation (replacing
multiple separators). Further, using semi-conductive roll construction offers the additional
capability of operating under either dry or moist conditions. Concentrating developmental
efforts on a single methodology that is compatible with in-flight and post-synthesis operations
would be prudent. Integration of the various functions (extracting, deagglomerating, purifying,
and fractionating) to create either a dry, continuous process or a wet, batch process is
recommended.

It is evident that the availability of copious quantities of BNNTSs has heightened interest in
structural composite applications. However, the future of BNNT-MMCs has many skeptics, and
there is an enduring sentiment that using nanotubes to create “superstrong” materials is science
fiction [ref. 133]. Key to the success of BNNT-MMCs as load-bearing materials will be the
ability to exploit the properties of individual nanotubes (on the microscale) in arrays embedded
in matrices (on the macroscale). Consequently, a ready source of high-AR, low-defect BNNTSs
represents an important first step toward achieving that objective. Even if not the primary
reinforcing agent, such BNNTs may still be utilized to supplement the mechanical or physical
properties of fiber-reinforced composites [ref. 134].

Endnote:

This report represents the final installment of a trilogy addressing induction plasma synthesis and
post-synthesis processing of mass quantities of BNNTSs. The previous installments comprise;

S.J. Hales, J.A. Alexa, B.J. Jensen, and D.L. Thomsen, Radio Frequency Plasma
Synthesis of Boron Nitride Nanotubes (BNNTS) for Structural Applications: Part I,
NASA/TP-2016-219001, Langley Research Center, Hampton, VA, 33 pp., January 2016.

S.J. Hales, J.A. Alexa, and B.J. Jensen, Radio Frequency Plasma Synthesis of Boron
Nitride Nanotubes (BNNTSs) for Structural Applications: Part 11, NASA/TP-2016-
219194, Langley Research Center, Hampton, VA, 40 pp., May 2016.
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