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Abstract Airborne single-wall carbon nanotubes
(SWCNTs) have a high tendency to agglomerate due
to strong interparticle attractive forces. The SWCNT
agglomerates generally have complex morphologies
with an intricate network of bundles of nanotubes and
nanoropes, which limits their usefulness in many
applications. It is thus desirable to produce SWCNT
aerosol particles that have well-defined, unagglomer-
ated fibrous morphologies. We present a method to
generate unagglomerated, fibrous particles of SWCNT
aerosols using capillary electrospray of aqueous sus-
pensions. The effects of the operating parameters of
capillary electrospray such as strength of buffer
solution, capillary diameter, flow rate, and colloidal
particle concentration on the size distributions of
SWCNT aerosols were investigated. Results showed
that electrospray from a suspension of higher nanotube
concentration produced a bimodal distribution of
SWCNT aerosols. Monodisperse SWCNT aerosols
below 100 nm were mostly non-agglomerated single
fibers, while polydisperse aerosols larger than 100 nm
had two distinct morphologies: a ribbon shape and the
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long, straight fiber. Possible mechanisms are suggested
to explain the formation of the different shapes, which
could be used to produce SWCNT aerosols with
different morphologies.
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Introduction

The generation of nanoaerosols with well-defined
morphology is necessary in many applications such
as instrument calibration and evaluation (Ku and
Maynard 2005, 2006), material synthesis (Nakaso
et al. 2001, 2002), and toxicity studies designed to
understand the health effects of aerosol particles
(Oberdorster et al. 2005). Single-walled carbon nano-
tubes (SWCNTs) are a class of engineered
nanomaterials exhibiting unique physical and chem-
ical properties. As applications of these materials
continue to grow, there is an increasing concern over
their possible implications to human health and
environment (Oberdorster et al. 2005; Shvedova
et al. 2005; Lam et al. 2006; Stern and McNeil 2008).

Due to the fibrous nature of SWCNT particles,
concerns have been raised over the similarity of
SWCNT particles to asbestos fibers in the context of
their health effects (Baron et al. 2001; Poland et al.
2008). Research has shown that SWCNTSs are
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cytotoxic and may lead to oxidative stress in vitro
(Shvedova et al. 2003), as well as indicating pro-
inflammatory and fibrogenic responses in rodent lungs
(Lam et al. 2004; Warheit et al. 2004; Shvedova et al.
2005; Warheit 2006). However, these studies lacked
the complete characterization of particle morpholo-
gies; as a result, the role of particle morphology on the
toxicological response is largely unknown. Part of the
difficulty in conducting such toxicological studies is
the persistent lack of robust methods to generate
SWCNT aerosols with well-defined morphology.

A recent study showed that SWCNT particles
generated by the high pressure CO disproportionation
(HiPCO™) process are difficult to aerosolize, in the
nanometer size range, directly from the powder phase
using a mechanical agitation (using a vortex shaker)
because of their extremely low bulk density (Maynard
et al. 2004). Also, airborne particles generated from
this technique are aggregates that consist of intricate
network of bundles of individual nanotubes often self-
assembled into ropes (from about 2 nm to >50 nm in
diameter) (Maynard et al. 2007; Ku et al. 2007).
While such aerosolization techniques are valuable to
produce aerosols for general toxicological studies,
they are hardly useful for studies that are designed to
investigate the effect of particle morphology. In other
applications, such as instrument response evaluation,
well-defined morphologies of SWCNT aerosol parti-
cles are necessary.

In this article, we used a capillary electrospray
method (Fernandez de la Mora and Loscertales 1994,

Fig. 1 Experimental setup
used to generate SWCNT Y
aerosols using an
electrospray system. SMPS:
scanning mobility particle
sizer; CPC: condensation

Compressed air  CO»

Kaufman 2000; Ku et al. 2004) to aerosolize the
colloidal SWCNT suspension to obtain aerosol
particles that are relatively less agglomerated, and
have well-defined fibrous nature. The electrospray
method is capable of producing relatively small and
less agglomerated aerosols due to the uniformity of
droplet size and the ability to fine tune the initial
droplet size. The method also produces highly
charged aerosol that effectively minimizes aggrega-
tion, resulting in SWCNT aerosol with single fiber
morphology. Electrospray has been widely used to
generate a variety of nanomaterials (Kim and Pui
2005; Ku 2007); however, no studies to date have
reported the generation of SWCNT particles using
electrospray method.

Experimental

The experimental setup is similar to the one used in an
earlier study (Ku et al. 2004). An electrospray aerosol
generator (Model 3480, TSI Inc.) was used, but
capillary tubes and fittings were modified and pur-
chased from Polymicro Technologies. Figure 1 shows
the details of modified electrospray setup. Purified
SWCNTs (CNI, Houston, TX) were used, which were
produced by the HiPCO™ technique (Scott et al.
2003), employing CO in a continuous-flow gas phase
as the carbon feedstock and Fe(CO)s as the iron-
containing catalyst precursor, and which were purified
by acid treatment to remove the metal contaminates

particle counter; ESP:
electrostatic precipitator

]
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Electrospray Generator (Modified TSI Model 3480)
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(Gorelik et al. 2000). The purified SWCNTs are
identical to the material used in the Shvedova et al.’s
study (Shvedova et al. 2005). Elemental carbon in
SWCNT (HiPCOTM) was assessed according to the
NIOSH manual of analytical methods (NMAM)
(Birch 2003), whereas metal content (iron) was
analyzed by nitric acid dissolution and inductively
coupled plasma-atomic emission spectrometry (ICP-
AES). Analytical analysis performed by NMAM 5040
and ICP-AES showed that SWCNT comprises 99.7%
(wt.) elemental carbon and 0.23% (wt.) iron. For
purity assessment of HIPCO™ SWCNT, it was found
that >99% of carbon content in the SWCNT
HiPCO™ product was accountable in carbon nano-
tube morphology. The mean diameter and surface area
of SWCNT were 1-4 nm and 1,040 ngfl. Surface
area was determined by Brunauer, Emmett, and Teller
(BET) analysis, and the diameter was measured by
transmission electron microscopy (TEM). Suspen-
sions were prepared with the purified SWCNTSs in
buffer solutions (20 millimolar (mM) or 2 mM
ammonium acetate in ultrafiltered deionized water),
and sonicated for 10-20 min before use. Aqueous
suspensions of SWCNTs at three different concentra-
tions (1.0, 2.0, and 5.1 pg ranl) were tested. The
suspension is pushed through a silica capillary tube
(25 and 40 pm from TSI and 100 pm ID from
Polymicro Technologies) by controlling the pressure
difference between its reservoir (I cm® polypropylene
vial) and the sharpened end of the tube, held inside an
electrospray chamber. The liquid tip is electrified
through the solution in the vial, put in electrical
contact with a high voltage power supply through a
platinum electrode. The droplets generated dried off
quickly, and were subsequently neutralized in the
electrospray chamber. A sheath air flow of
1.0 L min~" was used and 0.075-0.1 L min~' CO,
was provided to prevent corona discharge at the
capillary tip. The second neutralizer of Po-210 was
used to ensure equilibrium charge distribution of the
aerosols. The resulting aerosols were analyzed in a
scanning mobility particle sizer (SMPS, TSI) using a
3081 long differential mobility analyzer (DMA), and
sampled on a TEM grid using an impactor-based
electrostatic precipitator (Ku and Maynard 2005) for
monodisperse and polydisperse aerosols. For mono-
disperse aerosols, the mobility size was selected using
the DMA. The morphology and agglomeration state
of the aerosols were examined by TEM.

Before we investigated the size distributions of
SWCNTs generated by electrosprays, it was first
necessary to determine the concentration of compact
residue particles generated by the complete evapora-
tion of droplets that do not contain any SWCNT
particles. These residue particles could interfere with
mobility distribution measurements of the SWCNT
aerosol in the SMPS. It is desirable that the number of
residue particles from the buffer solutions should be
as small as possible. Two buffer solutions (20 and
2 mM) were tested. In addition, the effect of capillary
sizes on the number concentrations of residue parti-
cles was investigated.

Results

Determination of suitable capillary size and buffer
solution for electrosprays

We used three capillary sizes (25,40 and 100 pm ID) to
electrospray aqueous SWCNT suspensions. It was
difficult to generate SWCNT aerosols with the two
capillary sizes (i.e., 25 and 40 pm) due to frequent
clogging by SWCNT particles, even with very dilute
SWCNT suspensions (1.0 pg mL™"). The SWCNT
particles mainly possess large open fibrous morpho-
logies with entangled network of single fibers. Such
large structures extend in size to tens of micrometers,
and have a tendency to clog the capillary. For the
100 pm capillary, there was no clogging at the
concentrations used in this study and this capillary
size was sufficient for electrospraying the suspensions.

Figure 2 shows the effect of capillary size and
buffer concentrations on the particle size distribution
of the residue aerosol resulting from the electrospray
of pure buffer solutions. Three combinations of the
capillary sizes and buffer concentrations were tested.
The number of residue particles generated strongly
depends on the buffer concentration. Capillary size
seems to have a little effect on the residue particle
concentration. As shown in Fig. 2, 40 and 100 um
capillary did not show a significant difference in the
number concentration at a given similar liquid flow
rate. The figure also shows that 2 mM buffer solution
produced a concentration one order of magnitude
higher than that produced by 20 mM buffer solution.
This is possibly due to the larger initial droplet size
generated by the 2 mM buffer solution (the initial
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Fig. 2 Size distributions of residue particles generated from
buffer solutions for different combinations of capillary sizes
and buffer concentrations. The numbers in the parentheses of
the legend are capillary sizes used for electrosprays. It is worth
noting that 40 and 100 pm capillary using the 20 mM buffer
solution did not show a significant difference in the number
concentration at a given similar liquid flow rate

droplet size is inversely proportional to the conduc-
tivity of the solution) that subsequently disintegrates
to give a large number of smaller residue particles.
Based on these observations, all experiments were
performed using 20 mM buffer solution and 100 pm
capillary sizes to minimize the background residual
particle concentration and clogging of the capillary.

The buffer solution was further characterized to
estimate the range of particle number concentration
with increasing flow rate of the suspension through
the capillary. Figure 3 shows the size distributions of
residue particles from a 20 mM buffer solution for
various liquid flow rates. Spray current was measured
at different flow rates, which is proportional to the
square root of flow rate (Fernandez de la Mora and
Loscertales 1994). The size distributions have a mode
between 20 and 30 nm. The total concentration
varied from 400 to 1,000 cm™> depending on the
flow rate. The figure also shows the typical morpho-
logy of the residue particles generated from the buffer
solution, which are typically compact and are differ-
ent from SWCNT particles.

Size distributions of SWCNT aerosols
from suspensions with different concentrations

Experiments were conducted to investigate the effect
of liquid flow rate through the capillary on the SWCNT
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Fig. 3 Size distributions of particles from a buffer solution of
20 mM ammonium acetate in water for various liquid flow
rates. The capillary diameter is 100 pm. Spray currents were
measured for different flow rates. Liquid flow rates are
proportional to spray currents squared according to electro-
spray theory for highly conducting liquids (Fernandez de la
Mora and Loscertales 1994). The figure also shows the typical
morphology of the residue particles generated from the buffer
solution, which are typically compact and are different from
the SWCNT particles
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Fig. 4 Size distributions of particles from an SWCNT
suspension of 1.02 pg mL~" for various liquid flow rates.
Spray currents were measured for different flow rates

aerosol size distribution measured by SMPS. Figure 4
shows the size distributions of particles from an
SWCNT suspension of 1.02 pg mL™" for various
liquid flow rates, along with that of residue particles
from the buffer solution. As spray current increases, the
number concentration of SWCNT aerosols also
increases. The total number concentration increased
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from 4,200 to 15,000 particles cm_3, as spray current

increased from 612 to 1,409 nA. These concentrations
are one order of magnitude higher than the concentra-
tions of residue particles, indicating low interference
from the background residue particles. A new mode
appears at around 15-20 nm with increasing flow rate.
This mode clearly corresponds to SWCNT aerosols,
since the buffer solution without SWCNTSs does not
have many particles in this size range as shown in
Fig. 3. TEM micrographs confirm this observation.
Figure 5 shows TEM images of DMA-classified
19 nm mobility diameter particles from the suspension
of 1.02 ug mL™". Most of the particles have fiber-like
structures, but do not show individual SWCNT mor-
phologies. The particles look relatively compact,
unagglomerated, and fiber-like. Closer observation of
the particles in Fig. 5a showed a hollow tube in the
center with a diameter around 1.5-2 nm, which
corresponds to the diameter of an SWCNT.

Figure 6 shows TEM images of polydisperse
particles (particles that were not classified in DMA)
from an SWCNT suspension of 1.02 pg mL™". The
SWCNT particles have unique morphology—Ilong
nanorope structures that look like straight fibers and
seem to be up to several micrometer long.

Size distributions of aerosols from an SWCNT
suspension of 2.04 ug mL~" are shown in Fig. 7.
The suspension concentration was increased by a
factor of two. Compared to the concentration of
1.02 ug mL™", the size distributions were shifted to
the right and a modal diameter appeared at around
35-40 nm. As spray current increased from 930 to
1,483 nA, the total number concentration increased
from 13,000 to 27,000 cm 3. Note that the number of
residue particles at 1,146 nA is about 1,300 cm . At
the highest flow rate (spray current 1,483 nA), which
corresponds to near maximum flow rate where a spray

Fig. 5 TEM images of
DMA-classified 19 nm
mobility diameter particles
from an electrosprayed
suspension of 1.02 pg
SWCNT mL™'

Fig. 6 TEM image of polydisperse particles from a suspension
of 1.02 pg SWCNT mL™'

cone jet is stable, the mode of the size distribution has
been changed, indicating that there is a threshold flow
rate at which the modal diameter changes. TEM
images of the particles with the mobility diameter of
35 nm (that corresponds to the modal diameter of the
distribution) are shown in Fig. 8. Closer examination
using TEM showed that these particles are relatively
compact, short nanotubes, and have physical shape
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Fig. 7 Size distributions of particles from an SWCNT
suspension of 2.04 ug mL™" for various liquid flow rates.
Spray currents were measured for different flow rates

similar to 20 nm particles in Fig. 5a. Figure 9 shows
typical TEM images of polydisperse particles from the
suspension, suggesting that there existed two types of
particles: one is long fiber, like the images of the
suspension of 1.02 ug mL~" shown in Fig. 6, and the
other is low-aspect ratio agglomerate.

Figure 10 shows the size distributions of particles
from an SWCNT suspension of 5.10 ug mL™" as a
function of liquid flow rates. This suspension

Fig. 8 TEM images of

35 nm monodisperse
particles from a suspension
of 2.04 pg SWCNT mL™'

Fig. 9 TEM images of
polydisperse particles from
a SWCNT suspension of
2.04 pg SWCNT mL™"
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Fig. 10 Size distributions of particles from an SWCNT
suspension of 5.10 ug mL™" for various liquid flow rates.
Spray currents were measured for different flow rates

concentration is five times higher than the case in
Fig. 3. Electrospraying from this high concentration
suspension generated a bimodal or trimodal size
distribution of aerosols. As spray current increased,
the total number concentration increased from 7,300
to 24,900 cm ™ and the bimodal size distribution
became dominant. At the spray current of 1,437 nA,
modal diameters of the size distribution correspond
approximately to 20, 40, and 80 nm respectively.
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Fig. 11 TEM image of a typical 80 nm monodisperse particle
from an SWCNT suspension of 5.10 pg mL™"

Figure 11 shows a TEM image of a typical 80 nm
monodisperse particle from the suspension of
5.10 pg mL~". The particles have fiber-like struc-
tures similar to the modal particles in Figs. 5 and 8.
Figure 11 shows a particle having aligned structure;
closer examination using TEM showed nanotubes
that are folded and aligned with a characteristic
dimension of each tube of about 2 nm. Figure 12
shows a TEM image of polydisperse particles from
the same suspension. It is worth noting that the
particles generated have very uniform structures and
morphologies. The morphologies of the particles are
“ribbon-like” and some of them have long fibers
stretched out from the ribbons. The formation of
these morphologies may be closely related to elec-
trospray-generated droplet formation and evaporation

Fig. 12 TEM image of polydisperse particles from a SWCNT
suspension of 5.10 pg SWCNT mL ™!

process. Possible mechanisms for the formation of
these particles are discussed below.

Discussion

The effect of SWCNT suspension concentrations
on aerosol size distributions

The SWCNT suspension concentrations have been
found to affect the size distributions of SWCNT
aerosols generated. For lower concentrations of 1.02
and 2.04 pg mL™", the modal diameters were about
20 and 40 nm, respectively, while several modal
diameters such as 20, 40, and 80 nm were observed for
higher concentration of 5.1 ug mL™'. The modal
diameter can be expected to increase with increasing
suspension concentration because more SWCNT
particles can exist in a given droplet, which results
in solid SWCNT aerosols after complete evaporation
of droplets, as shown in Kaufman’s work using
sucrose (Kaufman 2000). Actually, this results from
the Dole’s residue model (Dole et al. 1968) where if a
non-volatile solute is present in the liquid, the droplet
evaporation leaves a residue of this solute. In the
Dole’s evaporating-droplet model, the residue remains
with any specific material present in the droplet (in our
study, SWCNTSs), which would increase the material’s
apparent size, and thus shift the mobility diameter.
Since electrosprays generate monodisperse droplets,
only one peak of the monodisperse aerosols could be
expected if, as in the Dole picture, the SWCNTs did
not escape from the evaporating droplets, and if every
droplet was neutralized so that it could evaporate
completely leaving SWCNTs and some residues.
However, the appearance of bimodal size distributions
at a high suspension concentration of 5.1 pg mL ™", as
shown in Fig. 10, is a little bit surprising. This
phenomenon may be due to the droplet formation
and evaporation in electrosprays. The spray results
from the breakup of a jet into charged droplets having
initial diameters of several times the fixed diameter of
the liquid cone jet. Charged droplet evaporation then
gives rise to a series of Coulombic explosions, each
leading to the production of many smaller daughter
droplets and one mother droplet. The outcome of
several generations of such explosions is generally a
bidisperse spray of droplets, some relatively large and
some relatively small. Complete evaporation of the
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large droplets produces bigger particles and evapora-
tion of the small droplets generates smaller particles,
as described in a previous article (Ku et al. 2004).
These two particles of different sizes may bring
bimodal distributions as shown in Fig. 11. On the
other hand, Figs. 5 and 7 clearly show that the shift of
modal diameter from 20 to 35-40 nm as the concen-
tration increases, which is consistent with the concept
of Dole’s model. It is worth mentioning that the
preliminary study on the generation of an SWCNT
aerosol with a much higher concentration than the
ones used in this study showed that SWCNT particles
with a mode at around 130 nm could be generated,
confirming the shift of a modal diameter to a larger
size with increasing concentration of SWCNTs.

Particle size-dependent morphology of SWCNT's

We investigated the morphologies of monodisperse
and polydisperse SWCNT aerosols. As particle
mobility diameter increased in the size range below
100 nm, it was found that they are predominantly
single fibers which are 20-50 nm thick and
100-300 nm long. For polydisperse particles, they
are long nanoropes with 10-20 nm thick and 1-2 pum
long, which look like straight fibers as shown in
Fig. 6. These fibers appear to have a well-defined
shape and the thickness of the fibers generated is
relatively constant, indicating that the electrospray
technique can generate SWCNT aerosol particles with
controlled morphology. On the other hand, densely
agglomerated SWCNT aerosols can be generated from
the droplets, as shown in a previous study, using a
nebulizer (Shvedova et al. 2005). In our study, ribbon
shape particles were observed, as shown in Fig. 12.
Shvedova et al. (2005) suggested a possibility in their
study that these two morphologies (a dispersed
SWCNTs and compact structured SWCNTs, which
were much larger than those observed in our study)
could bring distinct biological responses in the lungs of
mice. It is possible that discrete nanoropes, as shown in
Fig. 6, exhibit different toxicity when compared to
relatively more compact particles.

Possible mechanisms for the typical particle shape
formation

It was observed that two kinds of typical morpholo-
gies of SWCNT aerosols can be obtained during the
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electrospray process. One is ribbon-like and the other
is long, straight fiber-like. These two distinct mor-
phologies may be possibly due to the different particle
formation mechanisms which would be related to the
droplet breakup and evaporation processes. The
ribbon-like SWCNT aerosols have relatively compact
and low aspect ratios, while the fiber-like aerosols
have high aspect ratios. For a given SWCNT suspen-
sion of known physical properties such as electrical
conductivity and surface tension, the initial droplet
sizes to be generated by electrosprays become fixed in
a cone-jet mode at a certain liquid flow rate according
to the scaling laws of droplet sizes (Fernandez de la
Mora and Loscertales 1994; Ganan-Calvo et al.
1997). We did not measure the droplet sizes directly.
However, based on the spray currents (/) measured,
the initial droplet sizes can be calculated by Eq. 1 as
given below (Fernandez de la Mora and Loscertales
1994; Chen and Pui 1997).

VKQ)1/2

&

1= ()
where ¢ is the dielectric constant, y surface tension, K
electrical conductivity, and Q liquid flow rate. The
functional form f depends one, and is given by Chen
and Pui as follows (Chen and Pui 1997).

fle) = —449 — 0.21e + 157!/ 4+ 336¢!/6 2)

For the aqueous buffer solution used in this study,
K=02Sm™' y=0072Nm', and ¢ = 78.4, and
for spray currents shown in Fig. 4, f is calculated as
21.75 and liquid flow rates become 258.6 to
1370.8 nL min~'. These flow rates correspond to
initial droplet sizes from 220 to 384 nm. When the
suspension is electrosprayed, the spray results from the
breakup of a jet into charged droplets having initial
diameters of several times the fixed diameter of the
capillary jet. When droplets are formed from the jet,
SWCNT particles in the suspension move through the
jet into the droplets. Some SWCNT particles are
smaller than the initial droplet diameter and some are
larger. Smaller particles can move easily into the
droplets and subsequently get aerosolized. However,
for larger agglomerates, larger than the droplet size, the
dynamics could be more complicated. It could be
hypothesized that a mother droplet leaving the tip of
the jet could exert shear forces on a large, coiled
SWCNT agglomerate such that it leads to straightening
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and/or alignment of individual nanotubes into nano-
ropes and fibers, leading to well-defined morphologies
observed in the experiments. It is worth mentioning
that during the experiments, the jet at the tip of the
capillary seemed unusually long and elongated when
spraying SWCNT particles, possibly due to the pres-
ence and accumulation of nanotubes in the liquid jet
and the liquid cone as shown in Fig. 13a.

The ribbon-like particle observed in Fig. 12 could
be formed by a different mechanism, possibly by the
evaporation dynamics of a drying droplet as shown in
Fig. 13b. Due to their hydrophobic nature, the nano-
tubes tend to accumulate at the surface of the droplet.
As the droplet undergoes continuous evaporation, an
enveloping sheet of nanotubes is formed on the droplet
surface, which upon further complete drying gets
twisted to form number-eight-like loops as seen
Fig. 12. Shvedova et al. (2005) reported relatively
compact similar shapes of SWCNT aerosols generated
by a nebulizer. It is expected that this type of shape is
typical of liquid-based generation methods such as
nebulizers and electrosprays. It is also worth noting
that for some particles, the number-eight-like loops
also appear at the end of long nanoropes in Fig. 12.
These particles could be formed by a combination of

Capillary tube

Evaporation process

Droplet

Fig. 13 Schematic diagram showing possible mechanisms for
the formation of particle morphologies observed in the
experiments. a For agglomerates larger than the droplet size,
it could be hypothesized that a mother droplet leaving the tip of
the jet could exert shear forces on a large, coiled SWCNT
agglomerate such that it leads to straightening and/or alignment

mechanisms involving the stretching of fiber due to
high shear forces and dynamics of droplet evaporation
discussed above. Figure 6 shows that the SWCNTs are
1-2 pm in length, which are larger than the initial
droplet sizes. The nanotubes in the droplet may
conform to the same process as the ribbon shape (or
number-eight-like) particle formation. The process for
generating the straight, long nanofibers by electro-
sprays seems to be similar to an electrospinning
process in which the liquid jet is being pulled off
(Deitzel et al. 2001). The electrospinning occurs when
applied to polymer solutions and melts of sufficient
viscosities (~1-200 poise), while electrospraying
occurs in the case of low viscosity liquids (Deitzel
et al. 2001).

In addition to the above mechanisms, it is also
possible that the strong electrical field at the tip of the
jet may play a role in determining the fiber
morphology. SWCNT particles from electrospray
carry high charge, which under the influence of
external electrical field may induce its restructuring.
Depending on the conductivity of nanotubes and
nanoropes, and the mobility of electrical charges
within the fibrous network it is possible that these
charges may enhance the fiber restructuring

Liquid jet

Complete evaporation

of individual nanotubes into nanoropes and fibers, leading to
well-defined morphologies. b Ribbon shape nanotubes may be
formed due to the accumulation of hydrophobic nanotubes on
the droplet surface and subsequent collapse into twisted sheets
due to complete drying of the droplet
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to minimize the potential energy of the system.
Lilienfeld (1985) reported that clear uncurling of the
curled fibers was observed during the application of
electric field of the order of several kV cm™! to the
fibers. In addition, abrupt unfolding (stretching) of
polymer clusters was observed below a critical mass,
indicating that polymer (polyethylene glycol) clusters
behave as liquid droplets or soft solid particles on
reaching the Rayleigh charge limit (Ude et al. 2004).
The electric field on the highly conducting droplet
surface is expressed as E = /e, (g is the permit-
tivity of vacuum and o is the charge per unit area).
According to Gamero-Castafio and Fernandez de la
Mora (2000), daughter droplets from the Coulombic
explosion are, on the average, at 70 % of the
Rayleigh charge limit. If these droplets dry shortly
after the explosion, their residue particles could also
carry as little as 70 % of the charge limit. Therefore,
the electrical field on a 300 nm droplet charged at
70% of the Rayleigh charge limit can be estimated as
3.26 x 10’ kV cm™', which is much higher than the
electric field applied in the work by Lilienfeld (1985)
for straightening of curved fibers. This extremely
high electric field on the particle surface may
promote the straightening of curved fibers by
Coulombic repulsion.

While any of the above mechanisms are feasible
and could explain the observed morphologies, the
exact mechanism is not clear. No experiments were
designed to further probe each mechanism in the
electrospray.

Conclusions

Purified SWCNTs generated by electrospray of
aqueous suspensions of SWCNTSs were characterized
to determine the feasibility of the electrospray
method for generating SWCNT aerosols. Experi-
ments were performed to obtain optimum parametric
window of electrospray conditions including buffer
solution, capillary diameter, flow rate, and suspension
concentration to obtain well-defined SWCNT mor-
phologies. Suspension concentration has been found
to affect aerosol particle modal size, with particle
mobility modal diameter increasing with increasing
suspension concentration. In addition, electrospray-
ing from a suspension of higher concentration
produced a bimodal distribution of SWCNT aerosols.

@ Springer

Monodisperse particles below 100 nm were mostly
non-agglomerated, fiber-like particles. The polydis-
perse particles had two distinct morphologies: ribbon
shape and the straight, long fibers. Two possible
mechanisms responsible for the observed morpholo-
gies were inferred. The first was the formation of
twisted sheets (resembling number eight) of nano-
tubes due to the evaporation dynamics of the droplet,
and the second was due to high shear forces
generated by droplet breakup and/or high electrical
field on particle surface. It was demonstrated that the
SWCNT particles with well-defined morphology can
be generated using electrosprays.
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